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DIFFERENTIAL HARNACK AND
LOGARITHMIC SOBOLEYV INEQUALITIES
ALONG RICCI-HARMONIC MAP FLOW

ABIMBOLA ABOLARINWA

This paper introduces a new family of entropy functionals which is proved
to be monotonically nondecreasing along the Ricci-harmonic map heat flow.
Some of the consequences of the monotonicity are combined to derive gradi-
ent estimates and Harnack inequalities for all positive solutions to the asso-
ciated conjugate heat equation. We relate the entropy monotonicity and the
ultracontractivity property of the heat semigroup, and as a result we obtain
the equivalence of logarithmic Sobolev inequalities, conjugate heat kernel
upper bounds and uniform Sobolev inequalities under Ricci-harmonic map
heat flow.

1. Introduction

Let (M, g) and (N, &) be compact Riemannian manifolds (without boundary) of di-
mensions m and n respectively. Let a smooth map u : M — N be a critical point of the
Dirichlet energy integral E (u) = |, iy |Vul?d tg, where N is isometrically embedded
inRY, d >n, by the Nash embedding theorem. The configuration (g(x, £), u(x, t)),
t €0, T), of a one-parameter family of Riemannian metrics g(x, #) and a family
of smooth maps u(x, t) is defined to be a Ricci-harmonic map flow if it satisfies
the coupled system of nonlinear parabolic equations denoted by (RH),

ad

al‘g(x, t)=—2Rc(x,t)+2aVu(x,t) ® Vu(x, t),

(1-1)

0
Eu(x, 1) = Teu(x, 1),

where Rc(x, ¢) is the Ricci curvature tensor for the metric g, a(f) =a > 01is a
time-dependent coupling constant and t,u is the intrinsic Laplacian of u which
denotes the tension field of the map u. The system (1-1) was first studied by B. List
[2008] in a special case, N € R and o = 2, where the flow was modified by the
Lie derivative of g with respect to a gradient vector field to give a gradient flow

MSC2010: 35]05, 53C44, 58135, 58J60.
Keywords: Ricci-harmonic map heat flow, monotonicity formula, Harnack inequalities,
ultracontractivity, heat semigroup, logarithmic Sobolev inequalities.
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of an energy functional whose stationary points are solutions to the static Einstein
vacuum equations arising in general relativity. This has since been generalised by
R. Miiller [2012] to the general case N < R, for sufficiently large d. Precisely,
the system couples together the Ricci flow of Hamilton [1982] and the heat flow
for harmonic maps of Eells and Sampson [1964]. The system (RH),, is closer to
the former in behaviours, such as in existence and singularities, though may be less
singular than both. Hence, the analysis of the flow is usually done along the line
of Ricci flow and for this, Perelman’s works [2002; 2003b; 2003a] on Ricci flow
are very applicable to the theory and applications of the Ricci-harmonic map flow.

In this paper we study the behaviour of all positive solutions to the associated
conjugate heat equation along the Ricci-harmonic map flow. Leth, H: M x[0, T) —
(0, 00) satisty

(Q—A)hzo and (—Q—Ag+R—a|w|§>H=o,

ot ot
with
/ / th,ugdt / / — Ag+ R —a|Vul )Hd,ugdt,
where A is the usual Laplace-Beltrami operator and [J* := —9/0t — Ag + R —

a|Vu|§ is the standard conjugate to the heat operator [1:=9/d7r — A,. We say h
and H are respectively solutions to the heat equation and conjugate heat equation.
The main idea here is to solve the Ricci-harmonic map flow forward in time and
solve the conjugate heat equation backward in time. Fixing the coordinate (y, s),
H = H(x,t;y,s) will be called the conjugate heat kernel (the positive minimal
solution) if it tends to a §-function as t — T .

Our main results in the first part of this paper are Perelman’s differential Harnack
estimates for f € C*°(M x [0, T)) satistying H(x, t; y,s) = (Art) M/ 2e=fx.T)
t=T—1t,

(1-2) L i@, 0 =3 (VP + 800,02,

and Li—Yau Harnack estimates for all positive solutions to the conjugate heat
equation

H(x3, 1) 7 \"* L=, .,
(1-3) mf(f_) eXp(g/t1 (ly (| +Sg()/(l),t)dt),

where S; = Ry —a|Vu |§. (The proofs of (1-2) and (1-3) are delayed until Section 4).
Both results stated above are consequences of a monotonicity formula for a new
entropy functional W, . introduced in Section 3, where we obtain the Harnack



SOBOLEV INEQUALITIES ALONG RICCI-HARMONIC MAP FLOW 259
inequality for 0 < € <4,

€t 2 me?
(1-4) E(ZAf—WfI +Sg)+f—E§0

for all time ¢ and prove that
2 2
; i €T _ 2 _me”
(1-5) Lim e QAf=IVfIP+ S+ f =5 —hH dpg — 0,

with the condition that €2 — 45 as t — T'. Monotonicity formulas are generally
useful in controlling solutions of evolution equations. This entropy is also intimately
related to the logarithmic Sobolev inequality of Gross [1975]. Perelman used this
property to obtain upper bounds for the fundamental solution to the adjoint heat
equation via his reduced length. This leads to the proof of the noncollapsing theorem
on Riemannian manifolds and, consequently, to the completion of R. Hamilton’s
program on the Poincaré conjecture. See [Perelman 2002; 2003b; 2003a; Cao et al.
2003]. Among several examples, Perelman’s entropy and the gradient estimates of
Li and Yau [1986] are important ones that show close relations between entropy
monotonicity and the gradient estimate for the heat equation (forward or backward
in time). Lei Ni [2004] has also considered a case for the linear heat equation
on a static manifold with nonnegative Ricci curvature. We notice that coupling
a heat-type equation with geometric flow began with [Hamilton 1993] and it has
since become a very active research area and has led to numerous physical and
geometric applications; for examples, see [Biilesteanu et al. 2010; Bdilesteanu and
Tran 2013; Cao and Zhang 2011; Kuang and Zhang 2008; List 2008; Miiller 2012;
Ni 2006; Zhang 2007] and the references therein.

Another important application of Perelman’s VV-entropy monotonicity is in the
derivation of uniform Sobolev inequalities by Q. Zhang [2007]; see also [Hsu 2008;
Ye 2007]. In the second part of this paper, we relate the entropy monotonicity and
the ultracontractivity property of the heat semigroup, and as a result we establish the
equivalence of logarithmic Sobolev inequalities, conjugate heat kernel upper bounds
and uniform Sobolev inequalities under Ricci-harmonic map heat flow. Precisely,
let Ag and By be finite positive constants depending only on m, g, the lower bound
for the Ricci curvature and the injectivity radius of M. For any v € W'2(M, go)
such that

(1-6) lvll2m/m—2) < AollVVll2+ Bollvll2,
where m >3 and | - ||, = (fM | -9 d,ug)l/q, 1 < p < oo, we have the following
result.

Theorem. Let M be a compact Riemannian manifold of dimension m > 3. Let
the solution to the (RH)y-flow exist for all times t € [0, T'). Assume the Sobolev
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embedding (1-6) holds; then for finite positive constants A and B depending on m,
Ao, By, the lower bound for Ry, and T,

(m—2)/2
(1-7) (/M v2m/<m—2>dug) 5A/M(|Vv|2+%ng2)dug+BAvzdug

and

(1-8) /M v Inv? dpwg(

< 02/ IVOP + 807 ditgy — B Ino? + 4+ 071 + 2 In ”;—A,
M e
hold for each t € [0, T) and v € W"2(M) if hq =infjy,=1 [, 4|V V|*+ Sev?) d g
that is, Ayo is the first eigenvalue of the operator — A + %Sg.
Finally, for some constant C depending onm, t, T, Agy, By and sup Sg( -, 0), the
estimate

(1-9) Hx,T;y)<CT™?
for the positive solution to the conjugate heat equation associated to (RH),, holds.

The three results in the above theorem are essentially equivalent, and their proofs
occupy Sections 5 — 7. The approach to the proof here is Sobolev inequality (1-7)
=> log-Sobolev inequality (1-8) => heat kernel upper bound (1-9) = Sobolev
inequality (1-7). Indeed, any of them can be derived from the other. The results of
the above form [Hsu 2008; Ye 2007; Zhang 2007] yield a long time x-noncollapsing
estimate which generalises Perelman’s short time result [2002] along the Ricci flow.

We recall that the nonnegativity of the scalar curvature Ry is preserved along
Ricci flow [Chow and Knopf 2004], so the nonnegativity of S, is also preserved
as long as (RH),, exists. Indeed, S, evolves by a reaction-diffusion equation which
helps to visualise its behaviour up to singular time (we discuss this in the next
section). The condition S, = R, — a|Vu|§, > 0 at the starting time ¢ = 0 must now
be considered. The assumption is not necessary for the derivation of (1-7) since
additional geometric data are not usually required to derive a Sobolev inequality from
either a log-Sobolev inequality or the heat kernel bound. The assumption is required
for the condition that a certain eigenvalue A, for the initial metric is positive, which
is required to pass to (1-8). The class of manifold (M, gg) with 1,0 > 0 is a very
large one and significant from a geometric point of view. Moreover, if 1,0 > 0 for
S¢(0) >0 (.e., Rg(0) > (0)[Vu(0) |?) then A, B are independent of time and B =0.
Corollary 7.5 below presents corresponding versions of (1-7) and (1-8) in this case.

In the next section we discuss necessary background on Perelman—Miiller entropy
monotonicity formulas for (RH),.
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2. Background on entropy formulas for (RH),-flow

Let (M, g) be a compact Riemannian manifold. For the metric g, any smooth
functions u € C*(M, N), u(M) C N — R", f € C*°(M) and constant o > 0,
Perelman and Miiller’s energy functional [Miiller 2012] is defined on the triple

(s, u, f) by
@1 Fulgou, f) :=/M<Rg+|Vf|§—a|w|§>e—fdug,

which can also be written in two other ways,
Fulgou )= [ S+ depre du
M
— [ eacf=IvrE+soe du,

since [}, A(e™) =0 = [,(=Af +|VfI})e~/ du,. For any diffeomorphism
¢: M — M, we have Fo(¢d*g, o*u, o* f) = Fo(g, u, f). If (g, u) is a solution to
the system (1-1), Miiller [2012] proved that the F,-functional is nondecreasing
under the flow and showed that the system is equivalent (after pulling back with
a diffeomorphism generated by a vector field) to the gradient flow system for the
energy functional F,, locally written as,

)
3781 = —2Rij +20Viu @ Vju +2V;V; f,

3
(2-2) A =Teu — (Y, V f),

0 2
—f=—R Vul|c — Af.
a7 +a|Vu| s

More precisely,

@3 Lrgup

= 2/ (IRc —aVu@Vu+VV f|*+a|t,u—(Vu, Vf)|2)e_f dig > 0.
M

An application of this is that F, is constant if and only if (g, u) is a steady gradient
soliton.
Define

A (8) =inf{Fa(g,u, f):fe COO(M),/ e*fd,ug = 1}.
M

Then A, (g) is the first eigenvalue of the operator —4 A+ S, , where the nondecreasing
property of F, implies A, (g) is nondecreasing and we have, by setting v = ¢~ //2,



262 ABIMBOLA ABOLARINWA

the corresponding normalised eigenvector,
—4Av+ Sv = A (g)v.

Hence
Aa(g,u):inf{f (4|Vv|2+ng2)d;Lg:/ Uzd,ugzl}.
M M

Similar to the case of Hamilton’s Ricci flow, all geometric quantities associated
with the source manifold evolve along (RH),. For instance, we consider those
quantities that are directly relevant at the present; the metric inverse, volume element,
Laplace—Beltrami operator and S, evolve as follows:

3 V=28, EAg=2S”V,-Vj—2afgu(Vu,V-),
3 3
o dte =—Sgdug,  3-S = ASg +2[8;j > + 2| Toul},

where S;; = Rc —aVu ® Vu and g/ S;; = S,. The nonnegativity of the curvature
operator and S, are preserved during the flow; for example, the evolution of S, =
R, — o|Vu|? is governed by the differential inequality

0 2

2
gsg > ASg + asg,

since o > 0 and |S,'j|2 > (l/m)Sg,. Suppose Sg, > p. We can use the maximum
principle by comparing the solution of the above inequality with that of the ODE

dYO) _ 2 )
L = =),

(2-4) dt
v (0) =p,

solving to

G

o ml
Therefore,
1
(2-5) Seiry =Y (1) = E
P m

for all + > 0 as long as the flow exists. We remark that (2-5) implies

Sg(O)min
- (2t/m)Sg(0)min '

Clearly, Sg0ymin > 0 implies Sg(;ymin — o0 in finite time Te < m/(2S8g0ymin) < 0.
This also implies that Rg(;ymin — 00 as t — T, and thus g(¢) becomes singular in
finite time Tgingular < Te < 0.

Sg (t)min = 1
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Recall the Perelman—Miiller W, -entropy functional also introduced in [Miiller
2012] as

e_f
Gnoyn2 e

where 7 € R is a real number, f € C*°(M x [0,T)), « > 0 is a constant and
u e C®(M, N) is a harmonic map between the m-dimensional manifold M and the

26 Walgou f.7) :=fM(r<Sg+|Vf|§)+f—m)

n-dimensional manifold N, which by the Nash embedding theorem is isometrically
embedded in R? for sufficiently large d. The above entropy functional is analogous
to Perelman’s W-entropy for shrinkers [2002] under the Ricci flow. W, is equally
used for shrinkers under Ricci-harmonic map flow as can be traced back to List
[2008]. As pointed out in [Perelman 2002], such an entropy is invariant and
monotone. In fact, given a constant A > 0 and a diffeomorphism ¢ of M, under
simultaneous scaling of g and t, we have

Wo(Ag, u, f, A1) =Wy(g, u, f, 1),

and under the pullback of g, # and f, we have

Wd(¢*g7 ¢*M, ¢*f’ T) = WOl(g’ l/t, f? T)'
More importantly, we have the following monotonicity formula.

Proposition 2.1 [List 2008; Miiller 2012]. Let (g(t), u(t), f(@), ‘L’(l)), tel0,T)
be a solution of the system

%g:—ZRc+2aVu®Vu,
iu = TouU
= o,
2-7) J o ) y
—& — Ag+R—alVul2) s =0,
( o ¢ Vuly ) Grynr2
ir:—l.
ot
Then the W, -entropy is nondecreasing with
(2-8) iV\/Ot(g,u,f, r):2r/ ’Rc—aVu@Vu—{—VVf—ig ZLdug
dt M 2t (AmT)m/?
e_f

2
+2‘L'/Motl‘cgu—(Vu,Vf)| Wdﬂg

Notice that the third equation in the above system is equivalent to the following
backward heat equation
df

(2-9) E:—Agf—i—lVf@—R—l—aWu@%—

m
27’
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A monotonicity formula of the above type is used to rule out any periodic solution
to the (RH),-flow other than those that are striking and Einstein [List 2008; Miiller
2012; Perelman 2002].

Similar to A, (g, u) above, define the minimizing problem

Mo (81, T) :=inf{wa<g,u, fio):fe C°°<M>,f @nr)y e dpg = 1},
M
replacing f by v = e~//2. We have an equivalent minimizing integral

Wa(g, u,v, 1) = / (t@|V]* + Sgv?) — v Inv? — mv?) (dmr) "™ dp,
M
for functions v € H'(M) with fM v2(4mr) "2 dug = 1. Then v satisfies the Euler—
Lagrange equation, and it follows that u, (g, u, 7) is achieved by a minimizer f;
satisfying

TQAf, — IV [+ 8) + fr —n = (g, 7).

By the result of Perelman, it is well understood that for any metric g on a compact
manifold M and 7 > 0, we have u(g, u, T) > —oo and it approaches zero as T — 0.

3. A new entropy monotonicity formula

In this section we introduce a new family of dual entropy formulas, which are dual
in the sense that they generalise Ni’s entropy formula [2004] for the forward heat
equation on the one hand and generalise Perelman and Miiller’s W, -entropy on
the other hand. A similar family of entropy functionals was constructed by Kuang
and Zhang [2008]. The monotonicity property discussed here is very crucial to the
derivation of our results in the rest of this paper.

Definition 3.1. Let f: M x [0, T] — R be smoothly defined with normalisation
condition

e/ J
—_— =1.
fM (dmryn He
We define a generalised family of entropy by
(-1
m

2 2 —f
_ €°T 5 me 4 e

Wa,e(8, u, f, T)—/A/I(E(Sg"]rlvflg)"i_f_E—i_alne_z)Wdﬂgs

where 7(1) =T —1> 0,0 < €* <4 and S, = Sy (x, 1) = (R; — | Vul})(x, 1).

Let H = H(x,t) be a positive solution to the conjugate heat equation on a
complete compact manifold with metric g = g(x, t), evolving by the (RH),. Let
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= (4rt)™™?e ) and [,, Hdu, = 1. Then
a
32 ( —Ag+S ) —0.
(3-2) 3 +

Theorem 3.2. Suppose that (g(t), u(t)),t €[0, T), solves (RH)y witha(t)=a >0
and T is a backward time with 9t /dt = —1. Suppose that H : M x [0, T) — (0, 00)
solves the conjugate heat equation (—9/9t — Ag+S,) H =0. The entropy functional
Wa.e is nondecreasing by the formula

d
621' 1 2 5
=2 (@C‘“V”®V"+va—§;g-Hu@u—am;an)Hdug

for 0 < € < 4.

Remark 3.3. We remark that if €2 = 47, we recover Perelman and Miiller’s
Wy -entropy.

Scaling and diffeomorphism invariance of W,,.. Before we prove the monotonic-
ity formula (3-3), we shall first establish the invariance of our new entropy with
respect to dilation and diffeomorphism.

Lemma 3.4 [Chow and Knopf 2004, Lemma 6.57]. If g and h are two Riemannian
metrics on an n-dimensional Riemannian manifold and they are related by the
time-scale factor A (i.e., g = Ah), then the various geometric quantities scale as
follows:

ij_ 1,ij I k
1y _ _
gr =3k T =Tijy

R'ijk(g) = Rijk(h),  Riju(g) = ¢Riju(h),
1
Rij(g) =R;j(h), R = XR(h), dingy = A" dpg.

Lemma 3.5. Let A > 0 be any constant and ¢ : M — M be a one-parameter family
of diffeomorphisms. Then

Wa,é()‘ga Ma f’ }\'T) = Wa,é(g» M, fs T),
Wa,é(d)*ga ¢*M, ¢*f’ T) — Wa,é(gv M, f’ T)'

Proof. By a straightforward computation, we have

W(X,G()\‘g’uv fa )“T)Z/

(GXWRu@ € (.) I Viu@V;ut+(hg)V; £V, )
M

4
v det(rg)dx

m, 4w
_me , my,n
+f +2 )(4nk ym/2
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et . _1 i 1 i
= —(?» R(g)—ar™ g"Viu®Vu+r~"g"V; fV; f)
M

—-f
+f——+ﬂ1 4—”) T det(g)dx

2 AM/2(4qrT)m/2
=f T Ryl Vul2HIV £2)
M 47T

ppomey

my 4 e/
Ar 2 €2

—d
@grynz “He
=Wa,e(g, M, fs T)'

The invariance under diffeomorphisms is trivial since (RH),-flow is equivalent
to the flow modified by the time-dependent diffeomorphism ¢ generated by the
gradient of f, where ¢*g is the pulled-back metric and ¢*f = f o ¢. For the
harmonic map u, the invariance holds if we combine the following facts: ¢ is a
C°-diffeomorphism and u € C°°(M, N) is a harmonic map with respect to (M, g);
then ¢*u =u o € C°(M, N) is a harmonic map with respect to (M, ¢*g) with
the identity

IVul?dp :/ IV(od) |2, ditgs,.
/M g “Hg "y g CHP*g

Then, all the geometric quantities are invariant under (RH),-flow and the diffeo-
morphism invariance of W, ¢ follows. O

Proof of Theorem 3.2 (the monotonicity formula for W, ).
Proof. The entropy functional can be rewritten as
Wa,s(g» I/l, f’ T)
4

62/ 2 €2 f
=— Se+ |V —m)Hd 1—— Hd L Pl
yy M(f(g+| IO+ f—mHdug+ o Mf pi+ 5

By direct computation we obtain the evolution equation

2
(B-4) TWee(gu, f.7) = —%(/ Vdug)+(1—j— ai(/ fHd/Lg),

where
(3-5) Vi=@QAf + S — IVFID+ f—mH

since fM(Agf — |Vf|§)e‘f dg =0 on a closed manifold M. We make two claims
here, which we shall prove in the next two propositions, namely,

(3-6) i(f Vdug> :/ _O*Vdug = L Walgu, £, 1)
ar\J,, . dr
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and
0 m
(3-7) E(/M fHd/Lg):—]-"a(g,u,f)—FZzO.

With the above two claims, we arrive at

d € d
(3_8) dtWDZG(g M ft) 4 dtWOlg M fr)_‘__ ‘Fa(gvuaf)’
which proves the monotonicity formula (3-3) for 0 < € <d4rm. U

Proposition 3.6. With the assumptions of Theorem 3.2, the quantity
Vi=(tQAf+Se— IVfID+ f—m)H

satisfies

(3-9) OV = —2‘E<‘RC —aVu@Vu+VV f - %g‘z-i-(xhgu — (Vu, Vf)|2>H

and

(3-10) d ——We(g,u, f,7)= OV dug.
dt M

Moreover if H tends to a 6-functionast — T, then V <0 forallt <T with H(x, T)

replaced with H (x, T; y, 0), the fundamental solution.

Proof. Let P=t(QAf — |Vf|2+Sg)—|—f—n, and 0,7 = —1 since t = T —¢. Thus,
W=(—0—A+S,)(PH)

=—(;+A)PH —2(VP,VH)
and
H'O'V =~ + A)P+2(VP, V)

since f = —InH — (m/2) In(4mt) implies that V f = —H7'VH. Let us compute
(0; + A) P as follows:
3-11) 38—’; = —QAf —|Vf] —I—Sg)—i-r eaf -1V )+rﬁs v tf.
Note that
, m

0f=—Dof = Se+ IV 45,

318y = ASg +2[Sj |3 + 20t |Tguly.
Then a straightforward computations yields

(3-12) 2%(Af) =48, ViV; f —4atu(Vu, V) +20(=Af + V2 =S,),

(3-13) %Ivflz _ %(gijvifvjf) zzsijvifvjf+2<Vf, V%f).
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Combining (3-11)~(3-13) with the identity AP =7 (2A(Af)—A|V f*+AS, )+ Af,
we have

9 oA 2_ m
<8t+A)P_ 2Af-2IV fP=28,+2"
+7(48;;Vi V) f—4atau(Vu, V f)+A|V fI*+2(V £, VAS)
=28 Vi £V, £ 4218 PH2a|tou* =2(V £, VIV f 1) +2(V £, VS,)).
Similarly,

2AVP, V) =2V QAf =V P +S—g) + f), V)
=2t(UVAL V) = (VIVFIE V) +(VS,, V) + 2|V FI%

Therefore,

—<%+A)P+2(VP, v )

m

- (2Af+2sg—5)—r(4s,~,-vivjf—4argu<w, V F)LA|V f?

2V f, VAL)=28:;V; fV; f+21Si1* 420 |teul?)

m

= (2a1+25,~ 7"

)—r(4SijViij+2|VVf|2+2|Sij|2)
—2ta(|tgut(Vu, V £)>=2t,u(Vu, V f))
_ RvAYS 2 g 2oL _m
= =2t (28, ViV fHIVY f 418y 2= (Af+R- 5% )
—2ta(|tgu—(Vu, V £)[*)
- —21<(Sij+Viij)2—%(Af—l—R—%))—Zta(hgu—(Vu, VA2

1 2
= 2t |Sy+ ViV, f = 5| —2ralzu—(Vu, v NP,

where we have used the following calculation by Bochner’s identity:
AV =2V, VAF) =28;Vi Y f =2IVV [P+ 2(Rij = Sip)Vi £V, f
=2|VV f|? +2a(Vu, V f)%.
Hence,
1 2
Egij‘

H—lm*vz_zr‘sij+vivjf— —2ra(|tgu — (Vu, V)[?)

and

1 2
OV = =27|8;; + ViV, f — Zgij) H —2ta(|teu — (Vu, V£ H.

The consequence of which is a localised version of Perelman’s VW-entropy mono-
tonicity formula. Thus,
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dw _ o

=2 vdu,= | B,Vv—-RV Vul’V)d
u at/M e /Mu +alVul2V)du

:/ (—D*V—AgV)dung —O*Vdu,
M M

1 2
=2(T —t¢ <S--+V~V- - g
( )/[;I ij i jf 2(T—t)gl'/
Vi, VAD) = dp,. O
+a(ltgu — (Vu, V[l ))W Mg
Proposition 3.7. With the assumptions of Theorem 3.2, we have
d
(3-14) —(/ fH dug) > 0.
ot \ Jy

Proof. By direct computation,

%(/Mfﬂdu)=/M<%fH+f%H—ngH)dMg

_ _ 2 _ m
_/M( Ao +IV S =S+ 20 )Hdpg

+/ f(—AgH—l—SgH)d,u—/ SefHdu,
M M

_ 2 m_
_/M( 2Agf+|Vf|g)Hdu+/M(2T S¢) H duy,

where we used integration by parts on — | yAgfH=— / y J AgH. Rearranging
the above, we have

i(/ fHdMg)=/ (—Sg—zAgf+|Vf|§)HdMg+ﬂ/ Hdp,

— 2 m
- _/M(Sg+ VI H dpg+ 5
m

=_]:a+2t’

where F, = f uSe +IV S |§)H d i, 1s the Perelman energy functional introduced
in [Miiller 2012], which we discussed in Section 2. Next is to show that

0 m
-1 — = — — > 0.
(3-15) 8t(/1;[fua’,u) fa+21_0
Recall the evolution of F:
(3-16)

%fa(g, f)=2/ (IRc—aVu® Vu+ VV f* +altgu — (Vu, V f)|*) H d i,
M
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Straightforward analysis, using an elementary inequality and the Cauchy—Schwarz
inequality, gives

(3-17) |Rc—ocVu®Vu+VVf|22%(Rg—aIVuli,—i-Agf)z
so that

1/2 1/2
/(Sg+Agf)Hdug < </(Sg+Agf)2HdpLg) </Hd,ug> :

which implies

2
(/ (Sg+ A f)H d,u) gf (Sg+Agf)?Hdu,.
M M
Hence by (3-16) and (3-17), we obtain

d 2
(3-18) E}—“zE/M(Sg—i_Agf)szMg-i_/M2a|Tgu_<Vu’vf>|2HdMg'
We can then solve 4 5
TFaZ SF5 Fu20.
This implies
dFy, _ 2 | 1 1 2
—2 > = dt ——| > =(T —1t —_— > =
2T 5 En T T T R T RO T
1 2 1
= > T+ =
Fot) —m  Fo(T)

From here we can conclude as follows:

(i) Suppose Fu(T) > 0. Then
1 2t . m
miz, 1.€, fa([)fzr.
(i1) Suppose Fo(T) < 0. Then F,(t) <0 <m/(27) for all t € [0, T'), since we
know that d F, /dt > 0.

Hence m
Fot) <— fortel0,T),
2T

which proves the claim (3-15). U

4. Differential Harnack estimates

In this section we obtain Perelman’s differential Harnack-type estimate which holds
for the fundamental solution and, of course, all positive solutions to the conjugate
heat equation coupled to the Ricci-harmonic map flow. There is an improvement
over some known results as there is no explicit restriction on the curvature and no
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recourse to Perelman’s reduced distance. In what follows, we want to show that the
local entropy satisfies a pointwise differential inequality for the positive minimal
solution. Define a differential Harnack quantity

2
Po=LQAf —IVfP+S)+f+2mZ T
4 2 €

Theorem 4.1. Let M be a closed manifold with bounded Ricci curvature and
H(x,y,t)=H = (4nt)"%e~ satisfy O*H = 0, where H tends to a 8-function
ast — T and satisfies fM Hdug =1. Then forallt < T and e —>4rast > T,
we have

2 2
(4-1) Z—r(2Af—|Vf|2+Sg)+f—£§O.
T 4

Proof. Let h be any compactly supported smooth function for all 7y > 0. Suppose
h(-,t) is a positive solution to the ordinary heat equation (d; — A)h = O (this is
Perelman’s argument in [2002, Corollary 9.3]). Then, it is clear that

3[ HhdV =0
or |,

and we have by direct calculation that
if hPHdpg, = / (0:h(PcH) +hd;(PeH) — SqPeH) d g
ot Ju M
= / (3 — AYA(PH) +h(3 + A — So) PeH)) da
M

=—/ hO*(P.H) du,
M

2
__ €& *
=i MhD Vedug > 0.

The inequality is due to Proposition 3.6. We are left to show that for the everywhere
positive function A (-, 1), the limit of [, AV, dug is nonpositive as 1 — T. We
assume the claim a priori, i.e, lim,_, 7 fM hVedug =0, with

4
Ve=(v@AF ~IVSP+ 80+ 5 f —m)H,

and conclude the result. |

For completeness, we devote the next effort to justifying the claim
(4-2)

lim [ AVidpg <0 < lim [ hP.Hdp, <™ lim <1n4—72’/ thMg).
M M 2 M

t—>T t—>T t—>T €

Our argument follows from [Ni 2006; Perelman 2002] and can be compared with
the recent preprint [Bailesteanu and Tran 2013, Proposition 4.2] (see also [Chow
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et al. 2008, Section 16.4]), where we know that lim,_, f y Vhdug <0 (where V
is as defined in Proposition 3.6). To see this clearly, we write
€? m . 4w

PH=SV.+%mn

il 78
47 2 €2

which implies

@3) tim [ hPHdu, = tim [ Vihdp, + ™10 % lim / hH dj,.
=T Jy § T Ax T M § 70 2T M &

If H tends to a Dirac §-function, say at a point p € M, for T — T, then f satisfies

f(x,7) = d*(p, x)/4t. This is in relation to the /-length of Perelman. This yields

42 (p,
(4-4) limf thdugglimsupf TP g, =" hip, 1.
=0 M 47 2

T—>0

Meanwhile, by the strong maximum principle, we have A (x, 7)) > 0 and

lim hHdpug =h(x,T).

t—>0 M
Hence by a scaling argument, we assume that 4 (x, T) = 1. Rewriting P, and using
integration by parts, we have

2 2
PhHdu,= | EX(IVFP+S, due—"VnHdu,—~<% | (V. VRYH AV
/M Hg /M 4o (| flI7+ gdlg 21_) Mg o M< f )

m 4 €2
+/ thdug-l—E(lne—z——)/ Hhdu,.
M M

We should also note that since /( -, ty) is compactly supported and by the strong
maximum principle, we have that A( -, fy), |[Vh(-, t)| and |Ah(-, t)| are bounded
on M. This implies that there exists a bounded solution A( -, fy). Now we claim
that the first three terms on the right-hand side of the last equation vanish as T — 0.
We can see this, for instance, in the following argument: By integration by parts
and the fact that VH = —HV f, we have

(4-5) —r/ (Vf, Vh)Hug:t/ (VH, thg:—r/ HAhpg
M M M

is bounded since |A#h| is bounded as stated earlier. Thus, the second term in right-
hand side of the preceding equation is bounded and goes to zero as T — 0, so the
same is true for first terms (which follows from gradient estimates [Chow et al.
2008, Lemma 16.47]). Thus the analysis is reduced to showing that

(4-6) lim | Vehdpg, < C(m) <0.

T—0
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By the monotonicity formula for W, ., we have

d €1 9
= | P.hH ===V > 0.
alf hH dig ’ a,/ chdpg >0

By the mean value theorem, there exists a sequence 7z — 0 such that

2
lim rk/ (‘Rc—aVu@Vu+VVf—%g‘ +a|rgu—<w,W)F)thug:o.
M k

7 —0
Applying the Cauchy—Schwarz and Holder inequalities, we have
‘Rc —aVu®Vu+VVf— Lgr > l<R _a|vu|2 + A f— Lg)z
2T ~m § 8 8 27Ty

and
w(S.+A —i>th
/M k< g f 27, g

) 1/2 1/2
< (rffM(SngAf—z%) thug> (/MthMg>
12 12
2 12
< V(72 ‘Rc—aVu@Vu—l—VVf—g’ Hhd g, Hhdp,) — 0
M k M

as 7 — 0, since a|teu — (Vu, V £)|? > 0 and limy, ¢ f,, Hh djg(r,) is finite.
Then we have

lim | Vchdug

t—>T

€2 V%
=1l — 0 QAf —|IVfP+S)+ —Ff —m |Hhd
lim M<4nfk( f=IVfIr+ g)+€21_f m) g

— i €1 Af+S,— —))Hha
- ti)n} Iy 471, 8 2Tk lbLg(Tk)
mEZ

€2Tk
li —X(Af=|VfP |Hhd li —— |Hhd
+tLII} M( 4 (Af =V )> Mg+tirr%/}.‘4<f 87‘[) He

I ¥ "N
= lim - ,
M 8 He

t—T

where we have used the identity

/ (Af — |V fP)H dp = —/ AHdp =0
M M

for any positive solution H and the fact that each quantity in (4-5) is bounded to
obtain lim,, 7 7 [},(Af — |V fI))Hhdpg = 0.
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By (4-4) and the asymptotic behaviour of the heat kernel, i.e, f ~ d*/(47) as
T — 0, we have (see [Ni 2006, Theorem 2.1])

d*(x,y)
4

) Zuj(x, y, r)rj = wi(x, y,T)

H(x,y, 1)~ (4m7)™"/? exp(
Jj=0

as T — 0, where d?(x, y) is the distance function and wy(x, y, t) satisfies

8d*(x,
I,Uk(x, y, _[) — 0(Tk+1_m/2 exp(i—xy)>)
T

uniformly for all x, y € M and ¢ is just a number depending only on the geometry
of (M, g). The function can be chosen such that ug(x, y,0) = 1. Though, the
above asymptotic result does not require any curvature assumption, a result due to
Cheeger and Yau [1981] states that on a manifold with bounded Ricci curvature
(which is our case), the heat kernel satisfies

d*(x,
H(x,y,7) = (4nt) ™" exp(%),
T
which implies
2
Fon <)
- 4
Therefore,
me? d*(x,y) me?
lim f—— th,ugflimsup/ ——————h(y,H)H(x,y,t)d g
=0 )y 8 10 Jm 4t 8
dz(x y) me? e—dz(x,y)/4r
=li o — h(y,t)du,.
“,nj}fp/M< 47 871) (4mT)m/? D it

It is easy to see that for any § > 0, the integration of the above integrand in the
domain d(x, y) > § converges to zero. Therefore,

2
(4-7) lim <f— E)thMg
t—0 M

8
(dz(X, y) mez) o—d2(x,y)/(41)
d(x,y)<$8

< lim
t—0

4 87 ) @moy 01 ditg:

Whenever § is chosen sufficiently small, d(x, y) is asymptotically sufficiently
close to the Euclidean distance. Then by a standard approximation using local
coordinates, we have

d*(x,y) me?
4-8) i LR A VY &
“4-8) t—>1n(1) fM < 4t 81 ) ditg

2
= lim — h dy,
) R( 4 sz ) @noynz OV
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where h, is the pullback of A (-, 0) from the region d(x, y) < § to the Euclidean
space.
Splitting the last integrand as in [Kuang and Zhang 2008], we are left with

4 871) (dmT)m/?

. me? .
lim f—g hHdug Shp(x)thm i dy

=0y —0
2

=h,(-)]1 L )dy——h,(-).

p(-) Iim Rm(4r anryn2 ) Y g ()

Lastly, we have that the right-hand side evaluates to a constant C (m) < 0 by using
the standard Gauss integral

/ ly|? e~ IP/G0) e
W\ a7 @y )T

and the condition € — 2,/ as T — 0. The claim then follows.

Finally in this section we prove Perelman’s differential Harnack estimates for f
as an application of Theorem 4.1 and the monotonicity of W, 4. A corollary to this
gives estimates of Li—Yau type for all positive solutions H (x, 7).

Proposition 4.2. Let the assumptions of Theorem 4.1 hold. Then for any smooth
curve y(t) in M, we have the estimate

(49) ~L i@, 0 < LIy OP + 8,0 @, 0 - 2L).

After the usual integration of (4-9) along the path y (t) and exponentiation, we
have the following result.

Corollary 4.3. With the notation and assumptions of Theorem 4.1, the following
Li—Yau Harnack estimate holds:

H(x2, 1) T —t,\"* |
(4-10) He ) < (T_tz) eXp<§/fl Iy I+ S (v (@), 1) dt).

Proof of Proposition 4.2. Precisely from (4-1), we have

me?  €’t 2 me?
fSH—E(zAf—Wﬂ +Sg)§§

since Af +Sg —m/(2t) > 0 by the monotonicity formula (3-3). Now multiplying
(4-1) through by 27/ (€%7), we have

21
Af—%|Vf|2+%Sg+Ef—ﬂ<0.

2t —
Using Af = =3, f + |V f|> = Sg +m/(27) from (2-9), we obtain
(4-11) S AVIP<)s, -2

€2t
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By Young’s inequality, we have

—%f(y(r), D) = =8 f (D). ) — (VL (D). D). ¥ (D))
<= f+AVIF+Liy @
= Ly P+ 18, (0). 7) — fz—”tf(y(rm

on the path y (7). The result follows by using the fact that f < me?/(87). (]

5. Log-Sobolev inequalities along (RH),-flow

By the results of Aubin [1976] and Hebey [1996] for complete manifolds whose
Ricci curvature is bounded from below and injectivity radius is positive and bounded
from above, we can assume the Sobolev embedding on the initial metric, since
(M, g(0)) is a compact Riemannian manifold. Let Ag, By < 00 be positive constants
such that for all v e WH2(M, go),

(5-1) vll2m/m—2) < AollVVll2 + Bollvll2,

where Ag and By depend only on m, go, the lower bound for the Ricci curvature
and the injectivity radius. We can then write (5-1) as
(5-2)

(m=2)/m
(/ y2m/(m=2) dugo) §A/ (4|VU|2+ng2)dugo+B/ v dig,
M M M

where
A:JTAO and B:%AOSUPS;(,O)'FBO

since Sg(x, 0) + sup Sg*( -,0) = S; (x,0) — Sg* (x, 0). We will assume that (5-2)
holds uniformly for g(¢), t > 0, and different A and B in order to prove the
logarithmic Sobolev inequalities.

The usual way of deriving logarithmic Sobolev inequalities follows from a careful
application of Holder’s and Jensen’s inequalities since log v is a concave function,

in which case
/vzlnvq_zdufln/quu

with the assumption that [ v?>du = 1. Then

q 1/q
/vzlnvduf ln(/ quu) .
q-—2

Taking g = 2m/(m — 2), we have

(m—2)/2m
/vhnvduf%ln(/ vzm/(m_z)d,u> ,
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and by multiplying both sides by 2 we obtain the following result.

Lemma 5.1. For any v e W“2(M, go) with ||v], =1,

(5-3) va Inv?dpg, < = 5 ln< /(4|Vv| +S vz)dug0+B)

See [Hsu 2008; Ye 2007; Zhang 2007] for similar proofs. Inequalities of the
form (5-3) are usually estimated further by the application of an elementary in-
equality of the form Iny <8y —In6 — 1, where 6, y > 0. Precisely, taking

y = A/ 4| Vo> + SgvP) dpg, + B
M

in (5-3) gives us
(5-4) vaz Inv? djg, < ’"TQ(A/ (4|Vv|2+ng2)d,t,cgo—f—B)—%(l—Hna)

meAf (4VV2+8,07) dpgy+ 2= -2~ ina.

We will now modify the arguments in both [Ye 2007] and [Zhang 2007] to prove
the following result which says the monotonicity of the W, -entropy implies a
logarithmic Sobolev inequality (not with the best constant). Here we assume the
flow exists for all time.

Theorem 5.2. Let (M, g) be a compact Riemannian manifold of dimension m > 3
and the metric g(t) evolved by the (RH)-flow. Assume that an L*>-Sobolev embed-
ding (5-2) holds true with respect to the initial metric g(0) = go. Then, we have

(5-5)
v Inv?dpg) 5/ o2 (4| V> +S,07) d gy — = Ino +(t+az)ﬁ1+ﬂ1n”;f
M

M 2

where o > 0, B1 =4Ag " By +sup S; (-, 0) and

Ago = inf / (4| Vo> + S,vP) dpgy;
lvll2=1 J ar
that is, Ay is the first eigenvalue of the operator —4A + S,.
Moreover, if Ly is strictly positive for Sg(-,0) >0 (i.e., R(-,0) > a(0)[Vu(0) 1),
then
(5-6)

UZIHUZdMg(;)S/ 02(4|Vv|2+ng2)d,ug(,)— Ino +(t+02),82+—1n—
M

M 2e

holds with By =0, i.e., By = sup Sg_( -, 0).
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We first discuss some vital issues that will help put the proof of the above theorem
in perspective. Now take an L>-solution H = H (x, t) of the conjugate heat equation

(5-7) 0,H=—AH+S,H

tobe H = (4nt)™?e~ /. Relating the entropy W, . with the idea of logarithmic
Sobolev inequalities, we consider a function

o112
(5—8) V= \/ﬁ = W

such that fM v2 du = 1. We also notice that (5-8) implies f =—1In vi— (m/2)Int—
(m/2) In(4m); hence the entropy (3-1) is rewritten as

2 2
(5-9) We(g,v,r)ze—/ (r(4|Vv|2+ng2)—vzlnvz)d,u—:—%lnr
T

4
———1 4 1—— - — .
e n( 71)—|— /f du +2 )
Define
2
(5-10) W:(g,v,t)ze—f (T4 V> + Spv?) —v? Inv?) dp
4 Sy
and
(5-11) u;"(g,v,r):inf{Wj(g,v,t):/ v2du:1}.
M
Set T*=rt*4+c2and t(t) =T*—t for0 <t <t*, o > 0. Then
d
Ewé(gav7r)
d . « me? d /
=—Wi(g,v,71)———Int 1—— 2d n—>0
dt (8.0, 7) 8 dt fv M+

where the last inequality is due to the monotonicity of W, (g, f, 7), the proof of
which also reveals that

9 2dp=—F,+ M
BI/MfU dp = fa+21_,

where 7, = [ u(Se +IVS |*)v2du is Perelman and Miiller’s energy functional.
Let A0 be the first eigenvalue of the operator —4A + S,. Then, we know that
Aqo = infj,,=1 F. Therefore we arrive at

d . . 24 < 62)
da ne” d 1= < Yoo
aVe Z g ar T 1= 7 )P0
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To continue this argument, we should note that either (5-7) or (5-8) implies that the
function f = f(¢) satisfies the following backward heat equation

af 2 m
5-12 —=-A VIF=8S,+—,
612 at FHIVIE =545,
with v = v(x, t) satisfying
dv Vo> S,
5-13 — =—A LA -
(5-13) Y v+

on [0, *] with a given terminal value at t + t* with g = g(¢*).

Let vg be a minimizer of the entropy We(g, f, 7o) for all v with f M v% ditgry) =1
We can then solve heat equation (5-12) backward in time with initial data f () = fo
and v chosen at r = #y. Let u; be the value of the conjugate heat equation (5-13)
at t =t;. We can define functions f;, j =1, 2, by

e_f.i/z

U= Grey 02

Then by the monotonicity of W, (g, f, T)-entropy, using Perelman’s approach we
have

me(g(t),t(t))=_inf  We(g(t1), fo, 1) < We(g(t1), f1.T1)

lvollgcy=

<We(g(t2), f2,72) = " inf  We(g(2), [, 12) = e (g(12), T(12)).
0llg()=
It follows from the above that
2

ne Tl

pi(g(t), t(t)) < ui(g(n), t(h)) + - In —

T 1%}
for any #; <, where 7; = 7(¢;), j = 1, 2. Choosing #; =0 and , = t*, we then

obtain

ne . t*+o?

(5-14) E(g0), " +0?) < pl(g(t"), o) + g —In——.
Since 0 < t* < T is arbitrary, we can write (5-14) as
2 2
* 2 * 2 ne o
(5-15) pe(g(t),0%) = pn (g0), 1 +o )+§lnt+a2

forall r € [0, T). ' We now state the proof.

Proof. We now apply (5-4) with g = g¢ to estimate w}(g(0),r + o?). For any
function v € W2(M, g) with |Jv], =1 and using
mo A 8(t +07)

2
— =t = 0=
2 to nAg

' The case r = 0 is optimal, as equality is attained.
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the inequality in (5-4) becomes

m8(t+02)
/;vlnvdum:sa+o-{/<MvU|+Sz»nn@0 5B
m. 8(t+o%) m

2 nAg 2
:(t+02)/M(4|Vv|2+ng2)dugo+4(t+c72)BAal
—%ln(t+az)+%(lnAo+lnm—3ln2—l).

Choosing €2 < 47 as before, it then follows that

(5-16) pr(g(0),t+0?)

2
> e ( In(f + o> )——(t—i—o)BA_ —L(nAg+Inm—3mn2— 1)).
Combining (5-15) and (5-16), we obtain
(5-17)

2 2 2
% 2 me 2 me 2 -1 me
no(g(t),o0”) > S Ino - (t+0°)BA, i (InAg+Inm—3In2—1),

which implies

—/ (o2(@4|Vv|* + Sev?) — v Inv?) dp

2 2 _ 2 A
> M€ 1ho2 M€ (4 4 o) BAT = M€ 20,
gr o - T (HonBA, = InTe
Therefore,
(5-18)
Pnvdp< | o?@VoP+S0?) du—" Ino>+4(+0?)BA; — 1 In A0
1, M 2 2 8e

Choosing 8; = 4BA51 = 4A61(Bo + A sup Sg_ (x,0)) and A = Ap/4, we obtain
the result. We can also derive (5-6) in a similar manner. U

6. Heat kernel bound via log-Sobolev inequalities

We apply the logarithmic Sobolev inequality obtained in the last section to derive
an upper bound for the conjugate heat kernel along the Ricci flow, demonstrating
that there is a lot of geometric information embedded in such inequalities. The
basic ideas, due to Davies and Simon [1984], relate Nelson’s hypercontractivity (see
[Gross 1975]) to ultracontractivity (see also [Davies 1989]). These ideas always
yield estimates with sharp constants. We modify the argument in [Zhang 2007]
(see also [Lieb and Loss 1997; Zhang 2011]) to prove our result.
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Theorem 6.1. Suppose there exists a solution to the (RH),-flow with m > 2 and let
H(x,t; y) be the fundamental solution to the conjugate heat equation

(6-1) (=0 — A+ Se(x, D)) w(x, T) =0.

Then, for some nonnegative finite constant C depending on n,t, T, Ag, By and
sup § . (-,0), the estimate

(6-2) H(x,T;y) <CT™/?
holds, where 0,1t = —1 and Ag, By are as defined in the last section.

Without loss of generality, we may assume w = w(x, t) to be a nonnegative
solution of the conjugate heat equation (6-1) on the interval [0, T'], where d;7 = —1.
Let T > 0and r(t) : [0, T] — [1, oo] be a continuously differentiable increasing
function such that »(0) = oo and #(T) = 1. The function r(7) = T/t gives a perfect
example as we shall see below.

The idea here follows from the fact that if

w(x,t) = f H(x,t; y)wo(y) du(y)
solves the heat equation, where H (x, t; y) is the heat kernel, then

<Lt
M — Sup H(_X, t, y)
w20 lwC, 01 xy

We may obtain an estimation of the time derivative for the logarithms of the quantity

1/r()
lwllro) = (/M Jw|"® dugm)

lw(-, Dlloo
lw(-, 0)l1

as follows:
T 9
— In dt =1n
/0 o7 lwllra@

Proof. By routine computation,

1/r(t)
dllwllyo) = 9 ( / lw|"® dugm)
M

e

r2(7)

1—r(7)

lwll _
lwll; ) In ||w||;8 ++:))(r(r)/M w O Inw d g

+r(1) / (U)r(r)_l(—AU) + Sgw) + wr(r)(_Sg)) dﬂg(‘r))'
M
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Multiplying both sides by r2(0)|lw ||;g;, we have

2
PO dllwllre)

. +1 .
=~ @Il Il + @@ Tl [ 0 dig
M

+ 2@ wlh / WO (= Aw) digin) + 2O Wl
M

x / w O (Sgw) d gy — r (@)l wllre / w S, diig (o).
M M

By the application of integration by parts, we have
POl [ w07 =80 ditgr
M

=r2 (@) lull f V@ O YV dugr
M

=r’ ()@ = Dlwlr / w OVl ().
M
Hence,

2
PO dllwllre)

. +1 .
=~ @I Il + @@l [ 0w
M

+ (@) (r () = Dwllo f w OV dig
M
+r(@)(r () = Dlwlly / Se WP dpigr).
M
Further dividing both sides by ||w||,(r), we obtain

(6-3) XI5 30 [wl)

= —F (@) lull)() In [lwl[5) + 7 () F(7) / w D Inwdpug
M
+R@E@ =1 [ 00Tl dug
M

+r(@)(r(t)—1) / Se w' dpig(r).
M

Using
wr(r)/2 ) wr(f)
= oo, el
”w ”2 ||w||r(f)
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we have
2
re(t
wopp = O r)(t) w @2 vy
4wl
and
2 _ (1) r(t)
Inv"=Inw"" —Inlwll, )
Therefore,
. 2 2 . w'® r(r) r(z)
r(r)/ viInv d,ug(r):r(r)f pre (Inw™" —In ||w||r(t)g)d,ug(,)
M D)
r(T)r(t) )
=———— [ WP lnw®duye—Fln lwil &)
lwll7&)

Plugging these into (6-3), we arrive at
P03 ]l ) = () fM V1002 djtgey +4(r (1) —1) /M VP dpgey
+r () (r(1)—1) /M Rv*dig(r)
=f(r)[Mvzlnvzdug(f)—l-(r(f)—l)/A4(4|VU|2+SgU2)dMg(r)
+(r(0)—1)? fM Sev*dig(r).

Using the choice r(t) = T/, we have 7(t) = —T/‘L'2 andr(t)—1=(T—-1)/7
so that we write the last equality as

T T—
Ppnlulo) =5 [ i duge+ T8 [ @verse? duge
™ Jm T M
T— 2
+( T) / SgUZd,ng(T)
T M
:1 Mf (4|Vv|2+SgU2)dMg(t)_f Uzlnvzdﬂg(f)
‘L'2 T M M

T— 2
+( ‘[) / ngzdug(f).
T M

From the log-Sobolev inequality (5-5) point of view, we may choose

p_4(T—0) T
T — 4
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and we get

6-4) r*(0)d,(In [wlle))

T (m » m, mA 2 T—1\2 2
2§<Eln0 —Elng—(fo-ﬂf )ﬁ1>+( . >/A45gv ditg(r)
and
(6-5) o (nflwllrq))
Lm, Arc(T—7) m, mrA (. )
ZT<21n 7 TS — (o + o)y —TsupS; (-, 0)).

Notice that (since 02 < T /4)
(t+0>)B1+T supR™(-,0) =4(t9+0>)(Ay' Bo+5supS, (+,0))+T sup S, (-.0)
< (410+T)Ay ' Bo+5(4to+5T)sup S, (-, 0).

Denoting D by

05%1 ”ZLA+(4z0+T)A By,

substituting into (6-5) and integrating the result from O to 7', we have

Nlw(-, T)llr) zﬂ T1n47rr(T—r)
lw(-, Tl ~— 2T

_ %ln(ém)—g InT—n+ninT—D—1@40+5T)sup S; (-, 0)

= % In(@x T)—m—D—(416+5T) sup S (-, 0).

dt—D—1(4tg+5T)sup R~ (-, 0)

This then yields

lw(-. Dl m .
———— > —In@nT)—m—D — (4t +5T)sup S, (-,0),
lw(-. Dl — 2 0 P2

which implies

xp(5 (410 +5T) sup S; (-, 0) + D +m)
(ArnTym/? '

€
[w(-, Tlloo = lw(-, T

Because
w(x, T) =/ Hx, T; y)w(y,0)du(y)gm),
M

where H (x, T; y) is the conjugate heat kernel,

exp(mD)
(4m T)m/?

This ends the proof of the estimate (6-2). U

H(x,T;y) < exp(§ (4t +5T) sup S, (-, 0)).
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7. The Sobolev inequality along (RH),-flow

In this section we show that global bounds on the heat kernel to the conjugate
heat equation imply a uniform Sobolev inequality under Ricci-harmonic map flow.
This type of proof is standard as contained in [Davies 1989, Chapter 2]. The same
procedures have been adapted in [Zhang 2007] for Kéhler—Ricci flow; see also [Ye
2007; Hsu 2008]. For completeness we give the summary of the approach.

For any ¢ € [0, T'), we define the operator

Sg+supy S

2 .
Since Rg(-,T) > —supy R,(-, 1), we know that & = }L(Sg + supMSg_) > 0,
® € L°°(M). Then L > 0 and is essentially a self-adjoint operator on L?(M)
with the associated quadratic form

(7-1) L:i=—A,+

(7-2) Q(v):/ (Vo> + ®vP)dp, Yve Whi(M).
M

By the heat kernel convolution property, we have

(7-3) e"LwoszH(x,t;y)wo(y)dug(y),

where e~'F is a self-adjoint positivity preserving semigroup for all > 0. It is also

a contraction on L>°(M) and L' (M) for all ¢ > 0. Then
(7-4) lle™ wolleo < Cot ™ [|woll1.

The next step is to apply a theorem in [Davies 1989], which we state below as a
lemma.

Lemma 7.1. If m > 2, then a bound of the form

(7-5) lle™ wolloo < Cat ™" lwoll2

forallt > 0 and all wy € L>(M) is equivalent to a bound of the form
(7-6) lwoll3,, jm—2) < C2Q(wo)  Vwo € Wh(M).

By Lemma 7.1 we can prove that

(m—2)/2
(7-7) <va2m/<m—2>dug> 5AO/M(WUFJri(SﬁsEpS;)vz)dug

using an estimate of the form (1-9). The only thing remaining for us to show is that
estimates (7-4) and (7-5) are equivalent. We do this via the following lemma and
the Holder inequality.
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Lemma 7.2. Suppose m > 2 and T < oo. Let C| > 0 be the same as Cy in (7-5).
Then we have

(7-8) lle™Fwolla < Cit ™ *lwolli  Ywo € L' (M).
Now write e "Fwg = e~ 1/2/Le=1/21Lyy, and by assuming (7-5), we have
—tL —m/4y —1/2tL 2.—m/2
lle™ wolloo < Crt™™Hle™ > g2 < CTe7?lwol1.

Similarly, combining the fact that e ' is a contraction on L (M) with bound (7-4)
gives us (7-5). Indeed,

—tL
lle™ wolloo =

/M Hx 1 y)wo(y) dug(y)‘

) 1/q' 1/q )
< (/ HY (x,t:y)ug(y)) (/ wgug(y)) < Ct™"wo||,,
M M

for all wg € LY(M) with 1/g=1—1/q" and fM H(x,t:y)dug <1. Here we take g
to satisfy 1 < g < m for obvious reason. (Though, by the Riez—Thorin interpolation
theorem, the above holds for any 1 < g < oo since e 'L is a contraction on L' (M)
and L®°(M).)

The main result of this section is as follows.
Theorem 7.3. With the conditions of the theorem in the introduction, we claim that
estimate (1-8) implies the uniform Sobolev inequality (1-7).

Proof. Based on the previous argument and a modification of the calculation in
[Zhang 2007], we define the operator L = L + 1, which also has all the properties
of L, (L >0 and generates a symmetric Markov semigroup). Then for any positive
constant ¢ depending on m, T, a lower bound for R,, and an upper bound for A
such that for all r € [0, T) and v € Dom(Z) c wWha(m),

(7-9) I W g jom—g) < cllwlly, Yw € Wy* (M)

holds for m > 3. Since L~'/2 is of weak type (p,q), p =mgq/(m — q) for any
1 < g <m. A simple analysis and the Marcinkiewicz interpolation theorem tell us
that Z~/2 is a bounded operator from L9 to L? and that (7-9) holds.

Define v(x, 1) = Z_l/zw(x, t), which implies w(x,t) = va(x, t). Taking
q = 2, we have

||w||§=/ Z”%Zl/zvdung (Zv)vdug:/ (L4 Dv)vdu,.
M M M

Combining with (7-9) and (7-6), we obtain the Sobolev inequality

(7-10) 1011350 m—2) < ch(Q(v) + / vzug>,
M

whereby (1-7) follows with A = ¢C; and B = 3¢ Ca(supy, Sy + 1). O
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Remark 7.4. Fixing fy during (RH),-flow, it is clear that H = e 'H is the heat
kernel of L and that

/H“(x,r;y)dug(y)sf Hx, 1 y) dug(y) < 1.
M M

By the upper bound for H, we are sure that H obeys the global upper bound
H(x,t:y)dug(y) <Ct ™2, >0,
where C depends on m, Ag, By, tp and 7T'. Similarly,
le Lwloe = e~ e Fllog < &' Ct 2w ]y = Cr 2]y

As a corollary, suppose
Ago = inf f (4|Vv[* 4 S,v?) d g, > 0.
lvll2=1 Jas

It can be proved by following [Zhang 2007] that Sobolev inequality (5-2) holds
with B = B(t =0) = 0 on a compact manifold (M, go); i.e.,

m=2)/m
(7-11) ( / vzm/(’"—”dugo) < Ay / 4Vl + Sg0) dpag,,
M M

where A depends only on m, gg and A,0. Therefore, we have the following result.

Corollary 7.5. Let (M, g) be a compact Riemannian manifold of dimension m > 3
and the metric g(t) evolved by the (RH),-flow. Assume that L?-Sobolev embedding
(7-11) holds true with respect to the initial metric g(0) = go. Then, there exists a
positive constant ;fdepending on ZO such that for all v € wh(um, g(),tel0,T),

(m—=2)/m -
(7-12) ( / p2m/m=2) dug([)> <A / (4| Vo> + S,v?) d g,
M M

and

(7-13) / vzlnvzd/,cg(,)fazf(4|Vv|2+ng2)dug(t)—ﬂlnaz—i—ﬂlnﬂ,
y y 2 2 2e

where o > 0.

Remark 7.6. The smallest eigenvalue is an important quantity that gives a better
understanding of the geometric nature of the underlying manifold. For instance, con-
sider the operator semigroup e’ generated by L := —A+ ®, with ® € L®(M, g).
By spectral decomposition, we write a positive solution on M as

o0
U=ety= Z e MY (u, V) 2
Jj=1
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for u € L?(M) satisfying the Cauchy problem

%(e_mu) =—Le tu,

U|I=0 =u,

and the eigenvalue problem Ly = Ay, where {y j};?‘;l forms a complete set of
L?-orthonormal eigenfunctions of L and the corresponding eigenvalues can be
arranged in a nondecreasing order A; < A < ---, with A; — oo. An interested
reader will find the books [Davies 1989] and [Schoen and Yau 1994] useful in
this respect.
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ON J-HOLOMORPHIC CURVES
IN ALMOST COMPLEX MANIFOLDS WITH
ASYMPTOTICALLY CYLINDRICAL ENDS

ERKAO BAO

Symplectic field theory is the study of J-holomorphic curves in almost com-
plex manifolds with cylindrical ends. One natural generalization is to re-
place “cylindrical” by “asymptotically cylindrical”’. We generalize a num-
ber of asymptotic results about the behavior of J-holomorphic curves near
infinity to the asymptotically cylindrical setting. We also sketch how these
asymptotic results allow compactness theorems in symplectic field theory to
be extended to the asymptotically cylindrical case.
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1. Introduction

Introduced by Gromov [1985], J-holomorphic curves have been studied inten-
sively in closed symplectic manifolds. Hofer [1993] studied the behaviors of
J-holomorphic curves in symplectizations of contact manifolds, which are noncom-
pact. Shortly after that, Eliashberg, Givental and Hofer [2000] invented symplectic
field theory, which greatly helps us understand symplectic manifolds and contact
manifolds. In most of the previous literature, the almost complex structure J is
cylindrical near the ends of the noncompact symplectic manifolds. Here cylindrical
means that J is independent of the radial direction. In [Bourgeois et al. 2003] the
notion was introduced of an asymptotically cylindrical almost complex structure,
which is a natural generalization of a cylindrical almost complex structure. How-
ever, no results corresponding to the notion of asymptotically cylindrical almost

MSC2010: primary 53D05, 53D10, 53D12, 53D40, 53D42; secondary 58J05.

Keywords: asymptotically cylindrical almost complex structure, symplectic field theory, compactness,
Hofer energy, J-holomorphic curve, Morse-Bott, stable Hamiltonian structure.
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complex structures in that paper have been proven. Intuitively, we expect similar
results as in the cylindrical case. However, the original proofs rely heavily on
the cylindrical nature of the almost complex structure, which prevents us from a
direct generalization to the asymptotically cylindrical case. In this paper, we give a
modified definition of asymptotically cylindrical almost complex structure, which
includes an exponential decay condition that is satisfied in all interesting examples,
and prove some parallel analytical results as in the cylindrical case. Based on these
results we can compactify the moduli space of J-holomorphic curves in almost
complex manifolds with asymptotically cylindrical ends by adding the holomorphic
buildings introduced by [Bourgeois et al. 2003].

This generalization is needed for application purposes, since in many cases the
natural almost complex structure is only asymptotically cylindrical (see Examples
2.5 and 4.1). For instance, we can use the generalized results to prove Gromov’s
monotonicity theorem with multiplicity (see [Bao 2014]). We also take this chance
to fill in some gaps in the literature.

In the asymptotically cylindrical case, the proofs of some theorems are signif-
icantly different and more sophisticated than the proofs in the cylindrical case
(see the proofs of Proposition 3.4, Theorem 2.8 and Theorem 3.7, for exam-
ple). The extra difficulties mainly come from the following two facts: (1) the
translations in the cylindrical almost complex manifold are not J-holomorphic
anymore; (2) the unmodified Hofer energy is not positive when restricted to J-
complex planes, and the modified Hofer energy is not closed. Crucial uses of
Gromov’s monotonicity theorem are the main ingredients to overcoming these
extra difficulties.

In Section 2, we give the definition of asymptotically cylindrical almost complex
manifolds and the definition of Hofer energy of J-holomorphic curves in this context.

In Section 3, we give the proofs of the main results listed in Section 2. The
proofs follow the schemes of [Hofer 1993; Hofer et al. 2001; Hofer et al. 2002;
Bourgeois 2002; Bourgeois et al. 2003].

In Section 4, we give the definition of almost complex manifolds with asymptot-
ically cylindrical ends and the definition of Hofer energy in this context. Finally
we state and outline the proof of the compactness result in this context.

2. Asymptotically cylindrical almost complex structures

2A. Definitions. Let V be a smooth closed oriented manifold of dimension 2n + 1,
and let J be a smooth almost complex structure in W := R™ x V. Assume that
the orientation of W determined by J is the same as the orientation coming from
the standard orientation of R™ and the orientation of V. Let R := J(9/9r) be
a smooth vector field on W, and let £ be a subbundle of the tangent bundle TW
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defined by §(,,,) = (Ox T, V)NJ (O x T, V) C T(,, ) W, for (r, v) € W. The tangent
bundle TW splits as TW = R(d/0r) @ R(R) D E&.

Define a 1-form A on W by A(§) =0, A(d/0r) =0, A(R) =1, and a 1-form o
on Wbyo(§)=0, c(d/dr) =1, c(R) =0.

We call a tensor on W translationally invariant if it is independent of the
r-coordinate. Let f; : W — W be the translation along the R*-direction defined by

L, v) :=(r+s,v).

Definition 2.1. Under the above notation, J is called asymptotically cylindrical at
positive infinity if, for all [ € Z5, the following five conditions are satisfied:

(AC1) There exists a smooth translationally invariant almost complex structure J
on W and constants K f , 8; > 0 such that

M |V (J = Joo)lirsoorcv || o < Kife ™

for all r > 0, where || - ||co is computed using a translationally invariant
metric gy, on W (for example, g, = dr? + &), and V is the corresponding
Levi-Civita connection. We further require that K l+ is sufficiently small
such that the w defined in Equation (2) satisfies requirements (a) and (b) in
Section 2B. (Remark 2.2 explains that K 1+ being small is not restrictive.)

(AC2) i(Rs) droo =0, where Ry :=1ims_, oo "R, Ao :=1lims_, f;*A, and both
limits exist by (AC1).

(AC3) Ryo(r,v) = Jso(0/0r) e 0 x T, V.
(AC4) There exists a closed 2-form ws, on V such that i (R )ws = 0.
(ACS) woo( -, Joo +) is a metric on &y, Where & = lim,_, o £*&.

Remark 2.2. The definition we use is slightly different from the one in [Bourgeois
etal. 2003]. We require that J converges to J., exponentially fast in condition (AC1).
This is the accurate condition to guarantee that the J-holomorphic curve converges
to the periodic orbits of R, exponentially fast by the footnote of formula (35). If
we are only interested in the behavior of a J-holomorphic curve near infinity, then
the requirement that K 1+ is small can be achieved by restricting W to r > rg for
some large ry.

We can restate the above conditions using the notion of hamiltonian structure
as in [Eliashberg 2007]. That the 2-form w4, has rank 2n says that (V, w) is a
hamiltonian structure. The conditions (AC3), i (Rso)®weo = 0 = i (Rso) dAoo and
Aoo(Roo) = 1 say that (V, ws) is a stable hamiltonian structure. The condition
£ = ker Ao, that Jo is an almost complex structure on &, and that J, is
compatible with ws (by (ACS)) imply that (A, Jxo) i a framing of (V, o). If
in addition weo = dXioo, then we say (V, wso) is of contact type.
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We call (A, J) defined as above an asymptotically cylindrical framing of the
stable hamiltonian structure (V, wo).

Similarly, we can define the notion of J being asymptotically cylindrical on
R™x V at —co. When we say J is asymptotically cylindrical, we choose w0
without mention.

The following definition is the case considered in [Hofer 1993; Hofer et al. 2001;
Hofer et al. 2002; Bourgeois 2002; Bourgeois et al. 2003].

Definition 2.3. An almost complex structure J on R¥x V is said to be a cylindrical
almost complex structure at oo if J is an asymptotically cylindrical almost complex
structure at o0 and J is translationally invariant near =o0.

An almost complex structure J on R x V is said to be a cylindrical almost
complex structure if J is asymptotically cylindrical at both co and —oo and J is
translationally invariant.

Example 2.4 (Symplectization). Assume (V, &) is a contact manifold with contact
1-form A and Reeb vector field R, i.e., £ =kerA, A A (dA)" #0, irdr =0, and
A(R) = 1. Let wse = dA and let J¢ be an almost complex structure in £ such that it
is compatible with w|¢, i.€., dA(-, Jg -) is a metric on §&. We extend Jg to R x V
by setting J(d/dr) = R. Then J is a cylindrical almost complex structure and, in
particular, an asymptotically cylindrical almost complex structure at +oo.

Refer to [Bourgeois et al. 2003] for other interesting examples of cylindrical
almost complex structures.

Example 2.5. Assume J is a smooth almost complex structure on R?**2 with
J(0) = Jp(0), where Jy is the standard complex structure on R?*+2. Consider
R?"+2\ {0} and pick a polar coordinate chart

@ R™x §2MH1 5 R22\ {0}, (r, ®) > 0,

where we view $2**! as the unit sphere inside R*"*2. Let A_o, be the standard
contact form on $2**!. Define the 2-form w_s, on R~ x $2"*! by w_oo = dA_oo.
Now it is clear that J|g-, g2+1 is an asymptotically cylindrical almost complex
structure near —oo.

By (AC1) and (AC3) we can see that R, is a translationally invariant vector
field on W and that it is tangent to each level set {r} x V, so we can view R, as
a vector field on V. Let ¢’ be the flow of Ry, on V, i.e., let ¢’ : V — V satisfy
(d/dt)¢' = Ry o @'. Then we have

d
E[((b')*)»oo] = (¢")"(i(Ro) dhoo +di (Rog) hoo) = 0.

Hence ¢’ preserves Ao, and thus also £,. Similarly, ¢’ preserves weo.
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Let’s denote by P the set of periodic trajectories, counting their multiples, of
the vector field Ry restricting to V. Notice that any smooth family of periodic
trajectories from P has the same period by Stokes’ theorem.

Definition 2.6. A T-periodic orbit y of Ry is called nondegenerate if dé” |¢__ (o))
does not have 1 as an eigenvalue, where ¢’ is the flow of Ry,. We say that J is
nondegenerate if all the periodic solutions of R, are nondegenerate.

A weaker requirement for J than nondegenerate is Morse—Bott.

Definition 2.7. We say that J is of the Morse—Bott type if, for every T > 0, the
subset Ny C V formed by the closed trajectories from P of period T is a smooth
closed submanifold of V' such that the rank of w|y, is locally constant and
T,Nt =ker(d¢” —1d),,.

We always assume J is of Morse—Bott type in this paper.

2B. Energy of J-holomorphic curves. Let J be an asymptotically cylindrical al-
most complex structure on W := R* x V. Let’s denote the projections from
TW =R(0/0r) @ R(R) @& to each subbundle by 7, mg and 7¢. It is convenient
to introduce a 2-form w on W by

(2) @ (x, ) = 3lon (X, W5 y) + woo (e X, J e Y)].
It is easy to check that i (d/dr)w = 0 = i (R)w. We assume that KIJr in (ACl1) is

sufficiently small for all [ € Z-¢ such that w satisfies the following two conditions:
(@) wlg(-, J ) is a metric on §.
(b) There exist constants &;, §; > 0 such that, for all » > 0,

H (@ — @Woo)|[r,+00)x V H cl = 816—8#‘

Let (X, j) be a punctured Riemann surface (with or without boundary) and let
u=_(a,u): (%, j)— (W, J) be a J-holomorphic curve, i.e., Tiio j = J(u) o Tu.
The following definition is a modification of Hofer energy in the cylindrical almost
complex structure case. The w-energy and A-energy are defined, respectively, as

Ey (i) = / o, E@) =sup / BB o AL,
¢peC
) )

where C = {¢ € CZ°(R, [0, 1]) : f_Jr;o ¢(x)dx =1}', and A, o are defined as in the
beginning of Section 2A. Let’s define the energy of u by
E@wm)=E,(u)+ E) ().

In [Bourgeois et al. 2003], the set C is given by C = {¢ € C°(R, RY): fjoooo ¢(x)dx =1}. Itis
easier to get uniform energy bounds using the modified definition in the case when the almost complex
structure is only asymptotically cylindrical.
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Equip R x S! with the standard complex structure and coordinate (s, ¢), and
consider a J-holomorphic map i = (a, u) : R*x S! — W. Here we view S' as R/Z.
Notice that

3) o= w(mweis, J(@)meig) ds Adt,
4) @M@ (r)o AN = p(@)lo (i) + A(is)*1ds Adt.,
Thus, we have E, (i1) > 0 and E; (#) > 0.

2C. Main results. The next two theorems tell us the behaviors of J-holomorphic
curves near infinity.

Theorem 2.8. Suppose that J is an asymptotically cylindrical almost complex
structure on RT x V at 00, and suppose that J is of the Morse—Bott type. Let
i=(a,u): RExR/Z — RTx V be a finite energy J-holomorphic curve. Suppose
that the image of ii is unbounded in R x V. Then there exists a periodic orbit y
of Rso of period |T| with T # 0 such that, in C*®(S"),

T.

, 1
lim u(s,t)=y(Tt) and lim a(s )=
s—+00

s—Fo00 Ky

The above theorem tells us that when |s| is large enough u(s, t) lies inside a small
neighborhood of y. We will construct a coordinate chart for such a neighborhood
U C S'x R* — V, and then we can view the map i as

(s, 1) = (a(s, 1), D(s, 1), 2(5, 1)) € REx R x R*",
where # is the coordinate of the universal cover of S! = R/Z.

Theorem 2.9. Under the same assumption as in Theorem 2.8, there exist constants
Mg, dg, ap, Vo, so > 0 such that
|DP{a(s, ) — Ts — ap}| < MpeT%,
|DP{9 (s, 1) — Tt — Do}| < Mpe™*,
|DPz(s, )| < Mpe™*,
foralls > so and B = (B1, B2) € Z>0 X Z>p.

3. Proof of main results

The proofs for R™x V and R™x V are almost the same, so we will focus on the RTx V
case. The proof is done in three steps. The first step is to show that the gradient of
a finite Hofer energy J-holomorphic curve i = (a, u) is bounded. The second step
is to show “subsequence convergence”: briefly, given a sequence of numbers Ry
converging to infinity, we want to show that there exists a subsequence Rj, such
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that u(Ry,, t) converges to a periodic solution of the vector field R,. The third
step is to get an exponential decay estimate and then prove Theorems 2.8 and 2.9.

3A. Gradient bounds. We cite the following two lemmata for later use.

Lemma 3.1 [Hofer 1993]. Let (X, d) be a metric space. The following statements
are equivalent:

(a) (X, d) is complete.

(b) For every continuous map ¢ : X — [0, +00) and a given x € X, € > 0 there
exist x' € X, ¢ > 0 such that
« & <& ¢p(xX)E = p(x)e,
o d(x,x") <2e,
e 20(x") = ¢(y) forall y € X withd(y, x') <&

Let J be an asymptotically cylindrical almost complex structure on W =R x V
at oo, and let # = (a, u) be a J-holomorphic map from B(0, R) to W, where
B(zo0, R) :=z={s++/—1t € C: |z — z09| < R}. Define

5) [Vul == sup [Vu(s,1)]
(5,)€B(0,R)
and
k
~ I~
lallcr o, R),w) = sup Z [Viu(x)l,
xeBO,R) 12

where the norm |- | is taken with respect to the standard metric d s2+dt* on B(zo, R)
and to a translationally invariant metric g, on W (for example, g, = g, + dr?),
and V is the Levi-Civita connection with respect to g, on W. The following lemma
says that the gradient bound implies a C*° bound.

Lemma 3.2 (Gromov-Schwarz). Fix0 <e <1landk € N. If |Vi| < C' < 400,
then there exists a C (k, C') > 0 such that

il cxcgo,R—e),wy < C(k, C),
where C(k, C') does not depend on 1.

Proof. This is a standard result. Using the gradient bound of i, we can find uniform
coordinate charts both in domain and in target, then we can apply Proposition 2.36
in [Audin and Lafontaine 1994]. O

The following proposition, whose proof reveals the relation between the w-energy
and trajectory of R, is one of the key steps in [Hofer 1993].

Proposition 3.3 [Hofer 1993]. Suppose J is a cylindrical almost complex structure
onRx V andletu = (a,u) : C— R x V be a finite Hofer energy J-holomorphic
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plane (i.e., E() = E; (i) + E, (1) < 400). If E,,(t) =0 and ||Vit| < C for some
C > 0, then u is constant.

Proof. Suppose i is not constant. By (3), mgity = 0 = meui,. Hence mg o Tt is the
zero section of *& — C. Therefore we have u(s, t) =xo f(s, t), where x :R — V
satisfies x = R(x) and f : C — R is a smooth function. Consequently, f; = —a;
and f; = a;. Hence @ := f + ia is a holomorphic function on C. Since ||Vi| is
bounded, ||V®| is bounded; thus @ is a linear function. By (4),

E,(w) = supfqb(a)(af +a,2) ds Ndt = +o0,
¢peC
C

via a linear change of variables. ([

The proposition below generalizes Proposition 27 in [Hofer 1993] to the asymp-
totically cylindrical case.

Proposition 3.4. If J is an asymptotically cylindrical almost complex structure
on W = R" x V at oo, and it is a J-holomorphic map from C to W satisfying
E() < +00, then ||V < +o0.

Proof. Suppose to the contrary that there exists a sequence of points z; € C satisfying
|zg| = 00, Ry :=||Vii(zx)| = 0o, as k — oo. By Lemma 3.1, we can modify z;
such that there exists a sequence of &; > 0 satisfying ey — 0, &Ry — +00, and
|Vii(z)| < 2Ry for z € B(zx, r). Now there are two cases.

Case 1: {a(zr)}kez 1s unbounded.

Then there exists a subsequence of zi, still denoted by zy, such that a(zz) — +00
or a(zx) — —oo. Without loss of generality, let’s assume a(zx) — +o00. Pick a
further subsequence of z; such that a(z;) > 282, Let &, 1= min{gy, 2%/Ry}. Then
we have g, — 0, & Ry — 400, and |a(z) —a(zx)| < 2& Ry < 22K /Ry Ry = 2K+,
for |z —zx| <é¢. Thus, a(z) > a(zx) — 281 > 2kF2 _2k+1 = 2K+ ‘for |7 — 74| < ¢

Since # is J-holomorphic, we have

(6) J@)oTu=Tioi.
Thus
@) Joo@)oTu=Tuoi+ (Joo— J)(@) o Ti.

By (AC1), we have, as k — +00,2
sup  [|(Joo — D) (@(2))|| = 0.

2€B(2k,&;)

2Actually, to prove Proposition 3.4, Proposition 3.5 and Theorem 3.7 we only need f*J — Joo
in Cllo . ass = 00. We need the stronger condition (AC1) to prove exponential decay in Section 3C
and thus the main theorems.
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Define maps i (z) = (a(zx + z/Rx) — a(z), u(zr + z/Ry)) from C to R x V.
For any R’ > 0, when k is large, ||Viix(z)|| <2 for z € B(0, R"). By Lemma 3.2,
for any n € Zy, there exists a C(n, R’) satisfying

(8) lakllcr s, r—1y.wy < C(n, R).
We also have

9) Vi (0)| =1,
(10) |Viig(z)] <2 forall |z| < e Ry.

We apply the Ascoli—Arzela theorem to get a subsequence, still called iy, satisfying
Up — loo in CP as k — oo0. Here il : C — R x V is a Jo-holomorphic map
satisfying

Viieo(0)| =1 and ||Vi| <2.
Indeed, i, satisfies
(11) Joo (i) Tty = Tiagi + o,

where ||ok||co(3(ovgl:Rk)) — 0 as k — 00. Therefore, i1, iS Joo-holomorphic.
Now let’s look at its energy:

(12) / U woo = f o+ / (0 — wso).
B(0,R") B(zk, R’/ R) B(zk,R'/Ri)

From E (1) < +00 we see that /B(Zk R/R) w*w — 0as k — +00. We also have

. ) ug Uy
/ U (Weo —w)| < / (2Rx) ‘(wm—w)(mam>

B(zx, R/ Rk) B(zk, R'/Ry)

<nm|— |2Ry)cr — 0,
Ry

ds Ndt

where

’

Cp = sup
2€B(zk,&;)

( ) Us Uy
@oo TN\ 2Ry 2R,
and by (AC4) ¢y — 0 as k — oo. Therefore,

Eq. (iios) = / i w0 =0.
C
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Moreover, we have E;_ (ii«) < +00. Given ¢ € C, define ¢y (r) := ¢ (r —a(zx)) € C.
Then we have

(13) / ftk(fb(r)dr/\Koo)‘
B(O,R")
< / o (@)™ (o /\)»)‘ + / O (@)U*(dr Ahoo — 0 AL)|.
B(zx, R’/ Ri) B(zx, R’/ Ri)

We also have

(14) / d(a)i* (o /\?»)‘ < ‘/ dr(@)ii* (o AX)| < Ej (i)
B(zk,R'/ Ry) C
and
(15) qbk(a)ﬁ*(dr/\)uoo—o/\)\)‘
B(zk,R'/Ry)
< / G (@ QR |(dr Ao — 0 Ax)(z”Tjk, 2%) ds Adt
B(zk,R'/Ry)
R"\?
< (supp (x)) QR *rew (—) — 0,
xeR Rk
where

Ug U
rg = sup (dr/\)\‘oo—O'/\)\,)(—,—>’—>O

2€B(zk, R'/ Ry)

as k — oo. Combining (13), (14) and (15), we get the following result: given
R’ > 0 and ¢ € C, there exists a constant K such that, for all k > K,

/ u (p(r)dr ANoo)| < E;(u) + 1.

B(0O,R’)

Therefore, E;_ (o) < E,(it) + 1. Altogether, we get a Joo-holomorphic map
U : C— W satisfying

[Vieoll <2,  |Vi(0)| =1, Eu, () =0, E(ie) <+00.

By Proposition 3.3, we get a contradiction, which finishes the proof for Case 1.

Case 2: {a(zx)}krez is bounded.
Now let us define iy, differently from Case 1, by

up(z) :==uoly = (a(zk +z/Ri), u(zk +z/Rp)).
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Then i), satisfies

|Vig(z)] <2 for z € B(0, exRy),
{113 (0) }xez+ is bounded,
V()| = 1.
Similar to Case 1, by applying the Ascoli—Arzela theorem we get a subsequence,

still called i, converging to lioo = (doo,Uoo) : C — W in the C} sense. Here il
is J-holomorphic, satisfying

(16) [Viieo (0)| = 1,

(17) Vil <2,

(18) ﬁza) = / *w—0 as k— +oo.
B(0,ex Ry) B(zk,¢x)

Thus, E,(lie) = f@ i o = 0. Moreover, given R’ > 0 and ¢ € C, we have

/ uglp(ryo Axl = / lp(r)o ALl =0
B(O,R") Bz, R'/Ry)

as k — —4o0. This means fB(o R) uilp(r)yo ALl =0, and so E; (ii) = 0. Hence,
li 1S constant, contradicting (16). ]

Proposition 3.5. Suppose J is a cylindrical almost complex structure on R x V.
Let v : Rt x S' — W be a J-holomorphic map with respect to the standard complex
structure on RT x S, and assume E (D) < +00. Then we have

VO] < +o00, where |[Vo|:= sup |Vo(s, 1),
(s,1)eR+x S1
and the norm || is taken with respect to the standard metric ds*+dt* on Rtx S and
to a translationally invariant metric gy, on W, and V is the Levi-Civita connection
with respect to gy,.

Proof. The proof is almost the same as the proof of Proposition 3.4. |

Remark 3.6. Actually, we can see that we can get a gradient bound with respect
to a metric g, on the domain and a translationally invariant metric g, on W, as
long as the injectivity radius of g, is bounded away from 0.

3B. Subsequence convergence.

Theorem 3.7. Let J be an asymptotically cylindrical almost complex structure
on REx V, and let v = (a,v) : RE*x S! — RT¥x V be a J-holomorphic curve
with E (D) < 400. Suppose that v(R*x S') is unbounded. Then for any sequence
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kn — +00, there exists a subsequence k,, such that v(k,,, -) converges in C*(S )
toamap S' — V given by t — x(tT), where x : R — V is a |T|-periodic solution
of X = Roo(x).

Proof. We prove this theorem for the case RT x V. The proof for the R~ x V case
can be carried out similarly, and hence is omitted. By Proposition 3.5 we have
V3| < C for some C > 0. Since (R*x S!) is not bounded, there exists a sequence
of points (s¢, #;) € RT x S' such that |a (s, #;)| — +00. Now there are two cases.
Case 1: a(s, ty) — +oo.

Suppose that there exists a sequence of points (s;, ;) € Rt x § ! such that
a(sy, t;) < Q for some constant Q. Pick a subsequence of (s, #), still called (s, ),
and a subsequence of (s;, #;), still called (s, #;), so that they satisfy s; <si <s;, ; for
all k. This is possible because sy — +o00. Since | V|| < C, we have a(s, 1) < Q+C
for t € S'. Consider the compact manifold N :=[Q, Q +2C1x M C W =R*tx V.
Pick a ¢ € C such that ¢|[p o+2c] > 0. By Gromov’s monotonicity theorem (see
for example Theorem 1.3 in [Hummel 1997]), there exists an ¢ > 0 such that

/ w+d¢r)oAA>=1>0
B([sy,sk]x SY)
for all k. This contradicts the fact that E(v) < 400. Thus a(s, t) — 400 uniformly

intass— +oo.
Define

Un(s, 1) = (a(s +ky, 1) —a(ky, 0), v(s +ky, 1)).
Then the sequence v, (0, 0) = (0, v(k,, 0)) is bounded. Since v is J-holomorphic, by

Lemma 3.2 and the Ascoli—Arzela theorem, there exists a subsequence, still called v,,,

converging to v, = (b, Vo) : R X S' > Win Cp.- We know v, is Jso-holomorphic.

Define the translation map 7, : R x S > RxS! by t,(s,t) = (s + k,, t). Now
observe that

(19) / Vr oo = / o+ / 7" (o — ).
[-R,R]xS! [—R4ky,,R+k,]xS! [—R4+ky,,R+k,]xS!

For the first term on the right-hand side we have

(20) / 5w — 0

[—R+ky,,R+k,]xS!

as n — 00, since E, (V) is finite. By (AC4), the second term satisfies, as n — +00,

21) / 7 (oo — W) < f [(Woo — ) (s, V)| ds Adt — 0.

[—R4+k,,R+k,]xS! [— R4k, R+k,]xS!
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Combining (19), (20) and (21), we can see that f[—R,R]xsl U} woo = 0 and hence
E,_ (s) =0, so there exists a smooth map f : R? — R such that 7, = (b, x 0 ),
where x : R — V is the solution of x = Ry (x). Let ® be the holomorphic
function defined by ® = b + if. Since |V®| < C, we know that & is linear.
Thus, ®(s, 1) = a(s +it)+ B, where « =T +il, 8 =m +in € C are constants.
But b(s,t) —b(s,t + 1) =0 implies =0, and b(0, 0) = 0 implies m = 0. Thus,

(22) f=Tt+n,
(23) b =Ts.

Therefore, ay(k,,, t) — T uniformly in ¢ as n — +o0 (recall the notation v = (a, v),
Voo = (b, Vso)). Moreover, we have

(24) /5:OAOO: / Aool(Voo)i ] dt = / bydt=T.

{0} x S1 {0}x S! {0} x S!

Claim: T #0.
It follows from the claim and (22) that v, is not constant. Indeed, by (22),
fG,t+1D)=TE+1)+n,s0x(T(+1)+n)=x(Tt+n). Hence, x is T-periodic.

Proof. Suppose T = 0. Since a(s,t) — 400 uniformly in ¢ as s — 400, we
can choose a subsequence k,, of k, and a sequence ¢, € § ! 5o that we have
a(kn,,,»tms1) —a(ky,,, ty) > 4C. Denote a(ky,, tn) by a,,. Then from ||Vi| < C
we get

(25) a(knmvt)e[am_ca am+C]7
(26) a(kn, 1 1) > am +3C.

Let ¢, : R — [0, 1] be a smooth map, satisfying i, (r) = %(r —a, + %C) for
r € [am — C,ay + 5C] and ¢,, = ¢, € C. If we further require C > 1, then
Om(r) < % < 1. Observe that

/ 5 d (Y (2) = / 5 (Y (R) — f 5 (Y (D).

[knm,k,,m_*_leS1 {k }x St (K, 3 x S1

Tm+1 m

We also have, as m — +00,

‘ f f)*(xlfm(i’))»)'=‘ f Y ()1.(5,) dit

{k

< / [A(v)|dt - T =0.

g1 1! (i ST (i ST
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Similarly, f{kn 15t O (¥ (r)2) — 0. Thus, by Stokes’ theorem,

27) / 0" d (Y (r)2) — 0.

[k”m ’k"m+1 ] xS!
Observe that
@ [ Teunaan
gy Ky 41 1% S

= / V(¢ (r)dr AL + / V[ (r) (0 —dr) AL].

gy Ky 1% gy Ky 1%

For the first term on the right-hand side, we have, for some ¢ > 0, ¢, > 0,

(29) ‘ f V(¢ (r) dr A A)‘
[k"m’k")71+l]><sl
< / v* d(l//m(r))»)‘ + / [0 (Y (r) d1)]
[knlrl’k”ln+l]><sl [knm’k"m-f—l]XS1
< / 6*d<wm<r>x>‘+ / e+ em o AN).

[knm sknm_HJXSI [kﬂ;;1vknm+|JXS1

The second inequality is due to the fact that cw+c;, o AA is positive on all J-complex
planes; also since dA — dlo and i (3/0r) dAoo =0 =i (Ro) dAso, We can require
that ¢ is independent of m and ¢, goes to 0 as m — +oc. Similarly, we have

(30) ‘ f 5[ (r) (0 —dr) AA]

(ki 5K

< / V¥ [cw+cpo AL

JxS! gy Ky 1%

m+1 "m+1

When £ is large, from (28), (29) and (30) we get

(31)
/ 6*(¢m(r)oM)§DH / ﬁ*d(wm(r)x)’Jr / va)}

(K ey 1% ST iy e,y 1S (i Ky 1% ST
for some constant D > 0 which does not depend on m and v. The term

/ 0*(cpp 0 AA)

Ky Ky, 1% ST

m+1
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does not show up on the right-hand side of (31) because it is absorbed by the
left-hand side, since ¢ |y, «, LIS = 1/7. Since E, (V) is finite,

f 7w — 0.

[kn,y, K IxS!

"m+1

Together with (27), we get

/ 05 (p(r)dr A L) — 0.
K e 1%

Summing up, we have, as m — 400,

(32) / V(w4 ¢ (r)dr AL) — 0.
Ky ki 1 1XS!

Now consider N,, = [a,, + C, a,, +3C] x V € W with an almost complex
structure J,, := J|y, and a nondegenerate 2-form 2, := @ 4+ ¢ (r) 0 A Alp,,.
Because of the asymptotic condition, we can find uniform constants Cy, rg > 0
such that by Gromov’s monotonicity theorem, for any J,-holomorphic curve
hw 2 (S, j) = (Nm, Jm), where (S, j) is a Riemann surface with boundary, if
the boundary 4,,(0S) is contained in the complement of the ball B(h,,(so), 1),
where s¢ € Int S,, and r < ro, then we have

Q> Cor?.
hin (SYNB (I (50),7))

By (25) and (26) we can see ii(ky,, , S')NInt N,, = @ and it (ky,,,,, S")NInt N, = 2.
This contradicts (32). Thus, T # 0. [l
Case 2: a(sg, ty) — —oo.

We deal with this case similarly. ([l
Corollary 3.8. Under the assumptions of Theorem 3.7, there exists a number T > 0
such that, as s — 00,

(33) Pla(s, 1) —Ts]— 0
uniformly in t, provided = (B1, B2) € Z>0 X Z>o and |B| = 1 + B2 > 1.

Proof. By Theorem 3.7, there exist a number 7' > 0 and a sequence of numbers s,
such that s,/c — +00 and v(s,’c, -) = x(T -), for some T-periodic orbit x of R.
Suppose (33) is not true for this 7. Then there exists a sequence of points (si, fx)
such that sy — +oo and 3#[a(s, 1) — Ts]|(s,.5,) = ¢ as k — 4-o0 for some |B| > 1,
where c is a nonzero constant (or £00). Define ay (s, t) :=a(s+si, t +1) —a(sy, tx)
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and then ay (0, 0) = 0. From the proof of Theorem 3.7 we get a subsequence of &,
still called k, and a T-periodic orbit x” of R, such thata; — T's in Cf(’)%(R*x SUR).
By a straightforward modification of the proof of Proposition 2.1 in [Hofer et al.
2001] to the Morse-Bott case, we can show that x” and x lie in the same component
of Nt (see Definition 2.7) and in particular 7/ = T. Thus,

Pla(s, 1) = Ts]l sy = 0P La(s +se. t + 1) — alsi, &) — Ts1l0.0)
= 0 (a (s, 1) — Ts)l0,0)

— 0,
which contradicts the assumption. (]

To prove Theorems 2.8 and 2.9, we need to obtain exponential decay estimates.

3C. Exponential decay estimates. In this subsection, we will follow the schemes
in [Bourgeois 2002] to prove Theorems 2.8 and 2.9. The strategy is as follows: firstly,
we pick a neighborhood U of the orbit y, restrict the J-holomorphic curve # to a
sequence of cylinders inside the domain so that the images lie in the neighborhood
and satisfy certain inequalities, and estimate the behaviors of each finite cylinder
by the behaviors of boundaries of the cylinder. Secondly, since we have a sequence
of circles in the domain whose images lie in U, we get that the cylinders bounded
by the circles also lie in U, based on the estimates. We also show that near the end
of the domain # satisfies the inequalities. Once these are achieved, Theorems 2.8
and 2.9 follow easily.

In order to study the J-holomorphic curve equation around y, we need to intro-
duce a good coordinate chart around a neighborhood of y.

Lemma 3.9 [Bourgeois et al. 2003]. Suppose that J, is a cylindrical almost
complex structure of the Morse—Bott type on RT x V at oco. Let N be a component
of the set Ny C V (see Definition 2.7), and let y be one of the orbits from N.

(a) If T is the minimal period of y then there exists a neighborhood U D y in V
such that U N N is invariant under the flow of R, and one finds coordinates
(D, X1y ..oy Xuy Y15 - -+ » Yn) of U such that

N:{X],-..,Xp:(), yl,..,,yq:()}’
for0<p, g <n,and

Rylv = —, wxln =woln,

o
where wy =Y +_, dx; Adyi.

(b) If y is an m-multiple of a trajectory y of a minimal period T /m then there
exists a tubular neighborhood U of 7 such that its m-multiple cover U together
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with all the structures induced by the covering map from U — U from the
corresponding objects on U satisfy the properties of part (a).

Proof. Refer to Lemma A.1 in [Bourgeois et al. 2003]. O

Using this coordinate chart, we can work locally in U C (R/TZ) x R*" and make
T the minimal period of y. Denote by zj, the coordinate (xi, ..., xp, y1, ..., Yq)
and by zoy the coordinate (x,—p41, ..., Xns Yo p+1s -+ -, Yn). We easily obtain the
following lemma about the behavior of a J-holomorphic curve in the zq, direction.

Lemma 3.10. Let J be an asymptotically cylindrical almost complex structure on
W =Rt x V, and let ii be a finite Hofer energy J-holomorphic curve from Rt x §!
to W. Suppose [my, ni] is a sequence of intervals in R™ with m; — +oo and
a([mg, ng] x SY C U. Then we have, as k — +00,

sup 187 Zouc (s, )| = O

(s,0)€[my,ng]x S
forall B € Z>0 x Z>o.
Proof. The proof is very similar to the proof of Corollary 3.8, so we omit it here. [J

Let’s study the J-holomorphic curve equation in R x U C R*x (R/TZ) x R?".
Define 6 := [sg, s1] x S! for some sy < s and let it = (a, %, z):0 - Rx U be a
J-holomorphic curve. Then we have

(34) (as, U5, z5) + J (u)(ar, 91, 20) = 0.

Rewriting this equation according to its z-, -, and a-components we get’

(35) Zs+Mz + Szow + L =0,
(36) as — 9 + Bzow+ B'z; + N =0,
(37) ar + s+ Czou + C/Zs +0=0,

where M, S, B, B’, C, C’ depend on a(s, t), ¥ (s, t), z(s, t) and are bounded by
a constant Cyp, and L, N, O depend on a(s, t), ¥ (s, t), z(s, t) and are bounded
by Coe 0.

Define an operator A(s) : WI2(S!, R?*) — L2(S', R?") by

(A()w)(1) = =M (u(s, 1))w () — Su(s, 1)) wour (7).
Then by (35) we get
(38) A($)z(s, )=z + L.

3From (35) we can see that if we require z, zg and z; to decay exponentially, L must decay expo-
nentially. The condition f*J — Jo in Cl%oc is not enough to guarantee that L decays exponentially.
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Notice that A(s) depends on the map i = (a, ¥, Zin, Zout)- If We do not use the
original J-holomorphic curve & and instead we substitute ¥ (s, t) = ¥ (so, 0) + Tt,
a(s,t) =Ts, zou(s,t) =0, and zin (s, 1) = zin(s0, t), then we get another operator
denoted by A(s). We can easily see that lim;_, ;oo A(s) exists and denote the
limiting operator by Ag. Similarly, we get two matrices Mo (¢) and Sp(¢), and then
we have

Mo (1)* = —id,
and

(39) (Aow)(1) = —Mo(H)w; (1) — So (1) Wout-

Consider an inner product on L*(S', R?") defined by

1
40) (W, v)o = / (w, —JoMov) dt.
0

where the inner product is given by (-, -) = wo(-, Jo-), and Jy is the standard
complex structure on R*”. With respect to the inner product (-, - )o, one can check
directly that My is antisymmetric and that Ay is self-adjoint.

Remark 3.11. Aj is injective if and only if y is nondegenerate.

It is not hard to see that ker A consists of the constant vector fields in N along yy.
Denote by Py the projection onto ker Ag with respectto (-, - )o, and let Qg :=1— Py.
It is easy to check the following lemma.

Lemma 3.12. Qy satisfies
(Qow)r =wr,  (Qow)s = Qows,  (Qow)out = Wour,  QoAo = Ao Qo.
The following lemma will be needed in proving Lemma 3.14.

Lemma 3.13. There exists a constant C > 0 such that

A0 Qowllo = C([[Qowllo + [[(Qow):llo)
forw e WE2(S', R™), where || - ||o is defined using the inner product (-, - )o.

Proof. To prove the lemma we only need to prove that ||AgQowllo > C’||Qow]lo
for some C’ > 0, because by definition we have

(41) AgQow = —My(Qow); — So Qow.

Suppose to the contrary that there exist an &, — 0 and w, € W'2(S', R?") satisfying
| Qownllo =1 and [|AgQown|lo < &x. Then we have

1(Qown)ello < IMoAoQownllo + |MoSoQownllo < &, +C”.
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Therefore, Qow, is bounded in W'2(S', R?"). Since W!2(S!, R?") embeds com-
pactly in L2(S!, R*") we get a subsequence of w,,, still denoted by w,,, such that
Qow,, is a Cauchy sequence in L2(S', R?"). But it is easy to see that (Qow,,); is
also a Cauchy sequence in L%(S', R?"). Therefore, Qow, converges to some 7
in W2(S!, R?"), so 7 is an element of ker Ag. Because 7 also lies in the orthog-
onal complement of ker Ag, we must have n = 0, which contradicts the fact that

”77”0 =lim, ¢ [| Qownllo = 1. U
Define KO(S) = (ﬁ(SO, O) - ﬂ(s’ O)’ Zin(SO, O) _Zin(sa 0))’ go(s) = %” QOZ(S)”%

Lemma 3.14. There exist § =5(8) > 0, b =b(8) > 0 and k = k(B) > 0 such that
if , for any multi-indices B,

a(s0,0) >b, |ko(so)| <k, sup |8Pzou(s, 1) <6,
(s,1)€b

and, for any multi-indices 8 with |8| > 0,

sup 8% (a(s, 1)—Ts)| <8, sup [0 (D (s,t)—Tt)| <8,  sup |8Pzin(s, 1) <3,
(s,t)eb (s,t)eb (s,t)eb

then we have, for s € [sg, 5],

20(s) = ?go(s) — coe™ 1650,

where
s := sup{s € [so, s1]: |ko(s")| < ik forall s" € [so, s]},
and c, c1, ca > 0 are constants independent of so and sy.

Proof. All constants in the proof may depend on 8. Notice that from the assumption
we have

sup 107 (@ (s, 1) =0 (s,0) = TH)| <8,  sup [0” (zin(s, 1) — zin(s, 0))| <8,
(s,)€0 (s,1)€0

for all multi-indices 8.

Define an operator A(s)w = —M (ii(s, 1))w, (t) — S(ii(s, 1)) wou(?) in the same
way as A(s) but using J, instead of J.

From (38) we get

42) 2y = Aoz + (Ao + Aoko)z + (Ao + Aoo) zow + [A(s) — A(s)]z — L.
Applying Qg to (42) gives us

(43)  (Qo2)s = AoQoz + Qo(Ao + Aoko)(Qo2)s
+00(Ag + Agk0) (Q02)out + QolA(s) — A(s)]z — QoL,
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where Ag = My — M and AO =Sy, satisfying for any multi-indices B

sup 8% Ag(s,1)| < C8,  sup [8PA(s, 1) < C8,
(s,t)eb (s,1)€b

and Agkog = My — Mo and Agko = So — So, satisfying for any multi-indices

sup |07 Ag(s, 1) <C,  sup |8PAg(s, )| <C.
(s,t)€b (s,t)eb

We can require 0 < § < 7'/2, and then we get

! T
a(s,t) > a(so, 0) + E(S —s0)—8=(b—48)+ E(S —s0).
Because J is an asymptotically cylindrical almost complex structure, we get
1QoLllo = Coe_cé)(b_(s)e—cé)%(s_s())

!
for some constants ¢, ¢y > 0. Define ¢; := ¢{T/2 and ¢; := cpe 0%, Then
we have
QoL lo < cre™ 150,

We also have
(44) IHOP[A(s) — A(s)zllo < c2e " Ozl w12

for multi-indices B, by picking ¢ larger if necessary.
Now we are ready to estimate g;(s). Obviously we have

80(s) = (Qozss, Qoz)o-

Now let’s compute the right-hand side of the above inequality. Differentiating (43)
with respect to s, we obtain

(Q02)ss = A0 Qozs + Qo(Ag + Aoko) (Qo2)st + Qo Ao + Agko)s (Qo2):
+ Q0(Ag + Aoko) (Qozs)out + Qo(Ao + Agko)s (QoZ)out
+ QolA(s) — A(5)]5z + QolA(s) — A(s)]zs — QoLs.

Thus we see that (Qozss, Qoz)o contains 8 terms. When we are estimating these
terms, each time we see Qoz,, we replace it using (43). A straightforward calculation
using Lemma 3.13 and the fact that

—C ¢ — ¢ —_r c— ¢, —pr ¢ —S 2
—c2e™ 1TV Qozllg w12 = —c2e T — eV QoG i
gives us

g(s) = (1 = 10C8 — 10C k| — 10Ccre ™1 750) g (5) — cpe ™10,
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From the definition of ¢, we can see that if b is large enough, ¢, can be very close
to 0. Therefore,

g0(s) > c*go(s) — cpe™ 16750,

We can require further that ¢; > ¢ > 0. (I
From Lemma 3.14 we easily obtain the following lemma.

Lemma 3.15. Under the same assumption as in Lemma 3.14, we have for so <s <s,

h _ Sots i —
g0(s) < max{go(s0). 20()} — Lels —= | e sinhs=s)
cosh(c*52)

¢? — ¢2 sinh(c(s — 5))
Proof. Let
shle(s = 25%)] e 1

co
h(s) := max{go(s0). g0(s)} cosh(cﬁ_T““) c]2 — ¢2 sinh(c(s — s9))

x {sinh(c(s — 5)) + e~ ginh(c(s — 59)) — e~ sinh(c(s — s0))}.

Then A (s) satisfies
h'(s) — c*h(s) = —cpe 16750,
(45) h(so) = max{go(s0), go(s)},
h(s) = max{go(so), go(s)}.
Let I(s) := go(s) — h(s). Then I(s) satisfies

"(s) —c2l(s) > 0,
(46) I(s0) <0,
I(s) <O0.

Then by the maximal principle we get I(s) < 0 for so < s <s. Now the lemma
follows from the fact that

€170 ginh(c(s — s0)) — e~ sinh(c(s — s0)) < 0. O
Now let’s study the component zj,.

Lemma 3.16. Let e be a unit vector in R*" with eqy = 0. Under the assumption of
Lemma 3.14 and for s € [sg, 5], we have

8C
[{z(s), e)o — (z(50), €)o| < ~ max (|| Qoz(so)llo, | Qoz(s)ll0) + o(c2),
where o(c2) satisfies lim., .0 0(c2) =0, and C is a constant independent of s, s1.

Proof. The inner product of the Cauchy—Riemann equation (35) with e gives

d
75 & eo+ Mz, e)o + (SZout, €)0 + (L, €)o =0.
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From
1
(Mz1, )0 = / 00(M(Q02),, Moe) dt
0

1 1
= —/ wo(M; Qoz, Moe) dt —/ wo(M Qoz, (My).e) dt
0 0
we can see that
[(Mz;, e)ol < CllQozllo-

Together with the facts [{Szout, €)o| < C||Qozllo and [(L, e)g| < creC1750) we get

(z(s), €)o — (z(s0), €)o 5/ [2C [ Qoz(®)llo + c2e™ ' V] dx

S0

N
2
=< 2C/ V2g0() dr + o
50
The proof is finished with a straightforward calculation using Lemma 3.15 and
the fact that ~/coshu < /2 cosh(u/2). U

Remark 3.17. By requiring b to be sufficiently large, we can make c; sufficiently
small.

Now let’s estimate the derivatives of z.

Lemma 3.18. There exist 6 =6(B8) > 0, b =b(B) > 0 and k = k(B) > 0 such that
if, for any multi-indices B,

sup 8P zow(s, )| <8, a(so, 0) >b,
(s,t)eb

and, for any multi-indices B with || > 0,

sup |88 (a(s,t)—Ts)| <8, sup [3P(W(s,1)—1)[ <8, sup |8Pzin(s, 1) <3,
(s,t)eb (s,1)€b (s,t)eb

then we have, for s € [sg, 5],

cosh(e s — 12))

osh(c(*77))

172(5)llo = G max {11Q00” z(s0)llo. | Qoaﬂ/Z(ﬁ)Ilo}\/

+ Dplc) sinh(c(s — s0)) e ’

s 1= sup{s € [so, s1]: |ko(s")| <k forall s € [sg, s1},

where
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and Cg, c; > 0 are constants independent of sy and sy, and Dg(c2) is a function
of ¢y independent of sy and sy, satisfying lim., .o C#(c;) = 0, and 1 is the integer
in Definition 2.1.

Proof. Let’s prove the estimate for || = 1. The proof of the estimates of the higher
derivatives is almost the same. Refer to Lemma A.6 in [Bourgeois et al. 2003] for
the estimates for all derivatives in the cylindrical case.

Equation (42) can be rewritten as

(47) s = AOZ + AZ[ + AZout + AZ —L,

with A = Ag + Agkg, A = Ag+ Agkp, and A = [A(s) — A(s)]. If we define
W = (Qoz, 0/9s(Q0z), AgQoz, 0/0s(ApQ0z)), then W satisfies

Wy = AW + QoAW, + QoAWou + AW — L,

where Ay = diag(Ag, Ao, Ag, Ag), Qo= diag(Qo, Qo, Qo, Qo). and A, A, A, L
satisfy similar estimates as A, A, A, L respectively. Indeed, for || = 1 we can
derive this equation by direct computation. For general 8, we can derive it by
induction on |B]. This equation is of the same type as (47). Copying the proofs of
Lemmata 3.14, 3.15 and 3.16, we can get the desired estimate for . In particular,
we get the estimates for (Qpz)s and AgQoz.

From the equation z; = MyAoQoz + Mo QoSozour We get the estimate for z;.
Applying Py to (47), we get

(POZ)S = POAZt + POAZout + POKZ — P()L.

This equation together with the estimate of Az (see (44)) gives us the desired
estimate for Pyzg;. Then the estimate for z; follows from z; = Pyzs + Qozs. O

Lemma 3.19. Define

1 1
190=/ [9(%25, 1) — 7] dr. a(,:/ [a(®22, 1) — Txo] dr,
0 0

and definea = a(s,t) — Ts —ay and D =0 (s, t) — Tt — vy. Under the assumptions
of Lemma 3.18, we have, for s € [so, 5] and every multi-index 3,
197 @cs, 117, 187 @ (s, )|

<C; max {[000% z(s0)112, | 00d” z(s) 113}
|B/1<|B]+3

+ Cymax{[|a(so, - 1>+ 19 (so, - % llacs, HI*+ 19 (s, - 1?4+ o(c2),

where || - || is the L*>-norm, o(c,) satisfies lim., .0 0(c2) =0, and C is a constant
independent of u.
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Proof. We can modify the proofs of Lemmata 3.8-3.13 in [Hofer et al. 2002] in
the obvious way, similar to what we did in the proof of Lemma 3.14, and then use
Lemma 3.18 to prove this lemma. We omit the proof here, since it is essentially
not new.* ([

Remark 3.20. When s is infinity, we can get a better exponential decay estimate
using the same proof, and in that case the term o(c») can be replaced by cye=¢ %),

Proof of Theorem 2.8. Let’s follow the proof in [Bourgeois 2002]. By Theorem 3.7,
we can find a sequence sgp,, — 0o such that

Iim u(som,t) =y (Tt), lim a(soy,t) = £oo
m—00 m—00

for some T-periodic orbit y of R.. From the proof of Theorem 3.7, we can further
require for any multi-indices o with || > O we have sup,.¢1 |0%z(som, 1)|| = O
as m — +o0.

Given o > 0, let £, > 0 be the largest number such that u(s, t) € S'x [0, 01>
for all s € [Som, Som + Cm]. Let O := [Som, Som + Cm] x S' and let kg (s) :=
(U (som, 0) — 9 (s, 0), zin(Som, 0) — zin(s, 0)). Now we can define the operator A,
similar to how it was defined before, in the obvious way.

By Corollary 3.8, given § > 0 we have

sup 3P (a(s, 1) —Ts)| <$
(5.1)E0,
for those multi-indices B with |8| > 0, when m is large. This implies that
a(som, 0) = 400 as m — +o00. Notice that the other requirements in Lemmata 3.14
and 3.18 are also satisfied; i.e., given § > 0, there exists an mg such that for m > m;
we have

sup 88 zow (s, 1)] < 8

(s,1)€b,
for multi-indices 8, and
(48) sup |9P (9 (s, 1) = T)| <6,
(5,0)€0hm
sup 8P zin(s, )] < 8
(5,1)€0hm

for those multi-indices 8 with || > 0. Indeed, if {(s;,,, i, )} violates one of these
properties, we can define

ﬁmk(sa t) = (a(s — Smy» r— tmk) —Cl(smk, tmk)’ M(S — Smy» r— tmk))

4The proof of Proposition 3.4 in [Bourgeois 2002] is inaccurate, and this lemma fills in the gap.
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By Ascoli—Arzela, we can extract a subsequence, still called iy, (s, t), such that
Um, (s, 1) converges in C_ to a Jo-holomorphic cylinder i over a periodic
orbit ¥’ € N. Since it, must satisfy those three properties, we get a contradiction.

By construction, [{z(som), €)om| — 0 and || Qo 0%z (som) || — 0O, for all multi-
indices o with |a| > 0. Let «,, be the “k” in Lemmata 3.14 and 3.18 applied
to it|g, and let s,, := sup{s € [Som, Som + &m] : |kom(s")| < iy for all s” € [so, 51},
and notice that «,, can actually be chosen independent of m. We can extract a
subsequence so that u(s,,, ) converges to a closed Reeb orbit y” € N. Therefore,
| Q0m0%z(s,) || — O, for all multi-indices « with || > 0. Since (z(s,,), e¢)o — 0
and sup,cg1 [(3/0t)Zin(Sm, 1)| — 0, we obtain sup,cgi |Zin(Sm, 1)| = 0. By Lem-
mata 3.14 and 3.18, we have

(49) sup  [19%2(s)llom — O
56[50m75m1
for |B| < k. Therefore,
sup |zin(s, )| < sup [|lzin(s, ) llcosty

(S,[)E[S()m,s,-,,JXSI SE[s0m»5m ]

=C sup |Zin (s, - )”WLZ(SI)

SE[Som,5m]

=cif swp 10/00zn6, o+ sup NzinGs. lon |
SE[Som,5m] SE[S0m»5m]

— 0.

Lemma 3.19 and formula (48) imply that |9 (s,,, 0) — ¥ (59, 0)] — 0 as m — oo.
Thus, we have s,, = so,, + &, for m large enough, and

sup lz(s,1)] = 0
(Sst)E[SOmss()m+{m]><Sl

as m — oo. Therefore, ¢,, = +o00 for m large. O

Furthermore, we can show that the convergence of a J-holomorphic curve is
exponentially fast.

Proof of Theorem 2.9. Now with the help of the previous lemmata, the proof of the
third inequality is almost evident. Indeed, since s = 400, Lemma 3.15 becomes

g0(5) = (0(50) + %7 )€~ C .

Consequently, in the proof Lemma 3.16, we can get

—+o0
1(2(5), e)o| < / 2C11 Qoz(®)llo + c2e~1E 0 | d < Cle=e6—),

N
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where C’ is independent of s. Similarly, we can get the corresponding statement of
Lemma 3.18 for s = +o00.

The proof for the rest is a straightforward modification of the original proof in
[Hofer et al. 2001]. O

So far we have studied the behaviors of a finite energy J-holomorphic curve
whose domain is an infinite cylinder. In order to compactify the moduli space of
holomorphic curves, we also need to understand the behavior of a finite energy
J-holomorphic curve whose domain is a long but finite interval and whose w-energy
is small. To do that, we need the following lemma.

Lemma 3.21 (bubbling lemma [Bourgeois et al. 2003; Hofer and Viterbo 1992]).
Let J° be a cylindrical almost complex structure on W = Rt x V. There exists
a constant i > 0 depending only on (W, J°, &°) where J* = Jgo and ° = a)go
(see Definitions 2.1 and 2.3 and Section 2B), such that the following holds true.
Let (J", w},) be a sequence of pairs satisfying (AC1)—(ACS) on W and converging
to (J°, @°) in the C o sense. Consider a sequence of J"™-holomorphic maps u, =
(an, uy) from the unit disc B(0, 1) to W satisfying E, (i) = Eon (1,)+E;, (it,) <C
(see Section 2B) for some constant C, such that the sequence a,(0) is bounded,
and such that ||Vii,(0)|| = +00 as n — +o00. Then there exists a sequence of
points z,, € B(0, 1) converging to 0, and sequences of positive numbers &, and R,

satisfying
en—>0, R, — +00, ¢&,R,— +o0, |zu|l+e&, <1,
such that the rescaled maps
i%: B(0,6,Ry) = W, 2+ iin(za+ R, '2)

converge in CllOC to a Jo-holomorphic map i° : C — W which satisfies E (@i°) < C
and E »(ii°) > h.

Moreover, this map is either a Jo-holomorphic plane asymptotic as |z7| — oo to
a periodic orbit of the vector field R° defined by R° = Jy(3/9r), or extendable to a
Jo-holomorphic sphere P! — W by Gromov’s removal of singularity theorem.

A similar statement is also true for R™x V.

Proof. See [Hofer and Viterbo 1992]. O

The following theorem studies the behavior of a long cylinder having small
w-area. It is needed in order to prove the compactness results for the moduli space
of J-holomorphic curves in symplectic field theory. Refer to [Hofer et al. 2002;
Bourgeois et al. 2003] for the cylindrical case.

Theorem 3.22. Suppose that J is an asymptotically cylindrical almost complex
structure on W = Rt x V at +00, and suppose that J is of the Morse—Bott type.
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Given Eg > 0 and ¢ > 0, there exist constants o, ¢ > 0 such that for every R > ¢
and every J-holomorphic cylinder it = (a,u) : [-R, R] x S' — W satisfying
the inequalities E (1) < o and E(u) < Eg, we have u(s,t) € B:(u(0, t)) for all
se[—-R+c,R—clandallt € S'.

Proof. The proof follows the scheme in [Bourgeois et al. 2003] with some modifi-
cation.

By contradiction, assume that there exist sequences ¢, — +00, R, > ¢, and
iy = (an, ) :[—Ry, Ry]1x S' — W. The sequence i, is J-holomorphic, satisfying
E(u,) < Ey, Ey,(t,) — 0, and u, (s,, t,) ¢ B(u,(0, t,), &) for some s, € [—k,, k],
k., =R, —cy, and t, € S'. By the proof of Proposition 3.4 together with the bubbling
lemma (Lemma 3.21), || Vii,| is uniformly bounded on each compact subset. We
can extract a subsequence of n, still denoted by #, such that a, (s,, t,) = £o0o. This
is because, otherwise, we can get a contradiction as in the proof of Proposition 3.4.
Now define it (s, 1) := (a2, u%) = (a, (s, t) =@y (sn, ta), Un (s, t)). By Ascoli-Arzela,
we can extract a subsequence, still called #°, converging to a Jx-holomorphic
cylinder iz : R x §' — R x V. Since & satisfies E, (i) =0 and E (i) < Eo, we have
that u is a trivial cylinder over some periodic orbit y. Let’s choose a neighborhood
around y, and pick the coordinate as in Lemma 3.9, and show that

(50) sup 18P zourn (s, 1) = 0
(s,t)e[fkn,k,,]xs'

for multi-indices 8 and

(51) sup |88 (a, (s, 1) —Ts)| — 0,
(s,0)€[—ky kp]xS!
(52) sup 8P zinn(s, )] = 0,
(s,0)€[—ky ,k,]xS!
(53) sup 889, (s, 1) —Tt)| - 0

(s,1)€l—ky kxS

for multi-indices g with |8] > 0, when n — 400.

If this were not true, suppose there exists a subsequence of {n}, still denoted
by {n}, such that (s,, 7;) violates one of these properties. Then we can make the
same argument using (s, ¢, ) instead of (s,, #,) as above and get a trivial cylinder
contradicting the fact that (s, #/) violates one of these properties.

Define A, and Qy, in the obvious way using y and sg, = 0. Then apply Lem-
mata 3.14-3.16 and 3.18 to each @i, |[,.x,] to get supsc;_4 «1 1 Qonzn () llo.n — O.
Then the Sobolev embedding theorem tells us that «g, — 0 as n — +oco. This
contradicts the assumption that u, (s,, t,) ¢ B(u,(0, 1), €). |

We need the following theorem later to prove the surjectivity of the gluing map
in the subsequent paper. After proving all the previous lemmata and theorems, the
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proof of the following theorem is standard. For the case when J is cylindrical and
nondegenerate and V is a contact manifold, the proof is given in [Hofer et al. 2002].

Theorem 3.23. Suppose that J is an asymptotically cylindrical almost complex
structure on W =R x V at oo, and suppose that J is of the Morse—Bott type. Given
Ey > 0 and sufficiently small ¢ > 0, there exist constants o, c,b, v > 0 such that,
for every R > ¢ and every J-holomorphic cylinder it = (a, u) : [-R, R] x §' —
(b, 00) x V satisfying the inequalities E (1) < o and E (1) < Ey, there exists either
a point w € W such that u(s,t) € Be(w) fors e [-R+c,R—clandt € S, or
a T-periodic orbit y of Roo such that u(s,t) € B.(y(Tt)) fors e[—R+c, R —c]
and t € S'. In the second case, we have a coordinate around y as in Lemma 3.9
such that

cosh(2vs)

D? ,1)—Ts — 2<e2m —c‘,e(S+R—c)7
[D™a(s, 1) —1s —al" = & P cosh(2v(R — ¢)) ¢
DP9 (s, 1) — Tt — Do) 2 < 620y — 2RV o mcp+R—0),
B cosh(2v(R —¢))
cosh(2vs)

|DPz(s, 1)]* < &*M,

C —c,g(s—i—R—c)’
b cosh@v(R—c)) | #¢

forse[—R+c,R—cl,t € S',and B € N x N such that |B| <1 — 3, where Mg,
Cg, cp are constants independent of u and ¢, and Cg converges to 0 as b converges
to +00, and Mg and cg are independent of b.

A similar statement is also true for R~ x V.

4. Almost complex manifolds with asymptotically cylindrical ends

In this section, we introduce the notion of almost complex manifolds with asymp-
totically cylindrical ends.

4A. Definitions. Let (Wy, ') be a closed symplectic manifold with boundary
oWy =V,UV_, where V. is an oriented closed manifold. Let W be the noncompact
smooth manifold obtained by attaching E :=R*x V. to W along {0} x V.1 and V4.
Suppose that there exists an almost complex structure J on W such that J|y, is
compatible with " and (E+, J|g, ) is asymptotically cylindrical at 00. We assume
that the orientation of £+ determined by J|g, coincides with the orientation coming
from the standard orientation of R* and the orientation of V... This assumption
distinguishes V. from V_. Furthermore, we assume '|y, = @10, Where wiq is
the 2-form on Vi from Definition 2.1. In this case, we say (W, J) is an almost
complex manifold with asymptotically cylindrical ends.

Example 4.1 [Bourgeois et al. 2003]. Let (X, ', J) be an almost Kéhler manifold,
and let Y C X be an embedded closed almost Kdhler submanifold. We claim
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that (X\Y, J|x\y) has an asymptotically cylindrical negative end. Let N be the
normal bundle of Y in X with the metric &'(-, J -)|y, let V be the associated
unit sphere bundle of N defined by V = {u € N : |u] = 1}, and let U, be the disc
bundle of N defined by U, = {u € N : |u| < ¢}. For small enough ¢ > 0, we have
that U, is diffeomorphic to a tubular neighborhood of Y in X via the exponential
map with respect to the metric «'(-, J-). Since U,\Y is also diffeomorphic
to (—oo,loge] x V via the map u +— (log |ul|, u/|u|), one can check that this
makes (X\Y, J|x\y) an almost complex manifold with an asymptotically cylindrical
negative end.

In particular, if we pick Y to be a point in X, we get Example 2.5 as a special
case.

4B. Energy of J-holomorphic curves. Let w be a J-holomorphic map from a
punctured Riemann surface (X, j) to (W, J), and define

Esymp(w) = / w¥',

w1 (W)
E,(w) = / wro + / ww,
wl(E) wol(E-)
E; (w) = sup / w*(p o AA)+ sup / w*(@po AN,
peCy ¢peC_
w(Ey) wI(E)

where
c+={¢ecc°°(u%§+,[0,1]):/¢=1}, c_z{qsech(R—,[o,1]);f¢=1},

and
E(w) = Esymp(w) + Eyp(w) + Ej (w).

Theorem 4.2. Suppose (W, J) is an almost complex manifold with asymptoti-
cally cylindrical ends, and suppose that J is of the Morse—Bott type. Let w be a
J-holomorphic curve from a punctured Riemann surface ¥ to W with E(w) < oo.
Then around each puncture, either w can be extended holomorphically over the
puncture, or one can choose a holomorphic coordinate chart RT x §' or R™x §!
in S around the puncture such that w converges to a Reeb orbit in E or E_ in the
sense of Theorems 2.8 and 2.9.

Proof. If w is bounded around a puncture, then Gromov’s removal of singularity

theorem implies that w can be extended holomorphically over the puncture.
Suppose that w is not bounded around a puncture. We pick a holomorphic

cylindrical coordinate R* x S! around the puncture of ¥. By Proposition 3.5,
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|[Vw| < C with respect to the standard metric on R* x S'. If w keeps coming
back to a compact region of W and also escaping to the positive (or negative)
end of W, we can find an ry such that w touches {rg} x V4 and {ro +3C} x V4
infinitely many times. Then we can apply Gromov’s monotonicity theorem to w
in the region [ro £ C, ro = 2C] x V4 as in the argument of Case 1 in the proof of
Theorem 3.7, and get E(w) = oo, which contradicts the assumption. Therefore,
near the puncture, w converges to oo or —oo in E4 or E_. Then Theorem 4.2
follows from Theorems 2.8 and 2.9. U

Proposition 4.3. Suppose (W, J) is an almost complex manifold with asymptoti-
cally cylindrical ends, and suppose that J is of the Morse—Bott type. Then there
exists a constant &y > 0 such that if Kgc < &, where KS_L is the constant in (AC1),
the following holds.

Let w be a J-holomorphic curve from a punctured Riemann surface X to W
such that, around punctures of X, we have that w converges to the periodic orbits

y1+, e y[j inside Vi and y|, ..., v, inside V_. Then
p q

E(w)=<C Zf)»oo—sz/)»_oo—l-Q{ fw*a)oo—l- /w*a)/—i— /w*a)_oo},
=y =N v EY e W) e

where C1, C, C3 are positive constants that are independent of w. In particular,
E(w) only depends on the homology class of w in Hy(W, (UF_, %) U( 3=1 y]._)).

Proposition 4.3 is the asymptotically cylindrical version of Proposition 6.13 in
[Bourgeois et al. 2003]. The extra work to prove it for the asymptotically cylindrical
case is essentially carried out in the Appendix of [Bao 2014] where we assume
W10 = droo. For the sake of completeness, we reproduce the proof here.

Proof. First, we restrict ourselves to E and denote wy := w/,-1(g,). Note that,
when restricted to J-complex planes, we have

(54) o — weo| < g6 ¥ (w+0 AN,
(55) ldhoo| < Co+ e %0 A A,
(56) |6 A —dr Adoo| <ge (0 AL+ w),

where C is a positive constant and the constant ¢ > 0 can be chosen to be small
if KJ is small. Since fooo Se % ds =1, we get

/w*w§ /w*woo—i-s / w*a)+§EA(w+),

wl(Ey) wl(Ey) wl(Ey)
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where

E;(w+) := sup / w*(@o AN).
¢eCy
w(Ex)

Absorbing the second term on the right-hand side to the left-hand side, we get
(57) Ey(wy) = Cy / W@ + C2e Ex (W),
wl(E4)

for some constants Cy, C, where E,(w+) := fw*l(Ei) w¥w.
For any ¢ € Cy, let ®(s) = fos ¢ (I) dl. Then using (55) and (56) we have

/ wrdo AL

wl(Ey)
= / W o dr A oo + / w P (o AL —dr Adiso)
wI(E}) w™(Ey)
< / wd(DPhs) — / W ®droo + / w¥ee P (o AN+ w)
wl(Ey) wl(Ey) w(Ey)

P
§Z/Aoo+ fw*(Cw+£e_8‘VoAA)+ /w*se_‘s“'qb(a/\)»+a))

=y wI(E,) W (Ey)

P
SZ/)&OO+CE0J(W+)+8EA(W+),

where in the last inequality we get the constants C and ¢ by slightly abusing the
notations, but we can still have ¢ small. Taking the sup over ¢, we get

p
(58) IAUNEDY f oo+ CEp(wy) + 2 3 (w5).

i=1",
i

Therefore, by (57) and (58) we have

(59) Ew(w+)+Ex(w+)§C1/koo+C2 f w*woo,

Y+ w(Ey)

where constants C| and C, are not necessarily the same as before.
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For E_, by the proof of Theorem 10 in [Bao 2014], if K, is small we have

(60) E,(w-)+E;(w-) fcgEsymp(w)'i‘Cé / w C()00_6‘32/‘}\ 005

w1(E_) J= 1 -

where C|, C), C} are positive constants independent of w. Here we recall that

(61) Egymp(w) = fw*a)/.

w=1(Wo)
Now by (59) and (60) we have
E(w) = Ey(wy) + E;(wy) + Ep(w-) + Ex(w4) + Egymp(w)
Sa1(Ey(wy) + Ej(wy)) + a2(Ep(w-) + E; (wy)) + a3Esymp(w0)
<C /)\.OO—CQ /A_oo—i—Cg{ f W wso + / w*o + / w*a)oo},
Vi - w(E) w1 (W) w-(E_)

where aj, ar, a3 > 1 are positive constants chosen in a way such that the last

inequality holds for some positive constants Cy, C, and Cs. (]

Let/\/lg g (y1 e yp Yy s---s Vg3 J) bethe moduh space of J-holomorphic

curves of genus g in W that converge to periodic orbits V1 e yp inside V, and

Yioeon Vg inside V_ and represent the homology class A, which is an element
+ - A + - —.

of Hz(W,( R )U( ;’.:1)/1. )) Let My .. (1) ,...,y[}L,yI oo Vg3 )

be the compactification of the space M’;" g (y1+, R y;r sV s s Vg J) by al-

lowing stable holomorphic buildings. See Theorems 8.1 and 8.2 in [Bourgeois
et al. 2003] for the definition of stable holomorphic buildings in manifolds with
cylindrical ends and the topology of the moduli space of holomorphic buildings.
Finally, let us state the compactness results.

Theorem 4.4. Suppose (W, J) is an almost complex manifold with asymptot-
ically cylindrical ends, and suppose that J is of the Morse—Bott type. Then

My erq()/l see s Vs VL s e Vg 3 J) is compact.

Proof. The extra difficulty of proof that comes from J being asymptotically cylin-
drical is taken care of by Theorem 4.2; the rest of the proof is a straightforward
modification of [Bourgeois et al. 2003]. For the sake of completeness, we outline
the proof as follows.

Suppose that (%£,, w,) is a sequence of J-holomorphic maps from a punctured
Riemann surface X, with E(w,) < C.

First, we add additional marked points to X, to stabilize X,, and we use the
unique hyperbolic metric on ¥, to decompose X, into e-thick part Zfl“hiCk and
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e-thin part Efl'thin according to the injectivity radius, for ¢ > 0. Take a subse-
quence of X, still called X, such that 3, converges to a nodal surface X, in the
Deligne-Mumford sense. By continuing to add marked points to X, if necessary,
one can keep track of all the sphere bubbles of w, as n — co. Eventually, for fixed
e >0, we achieve that w, |22_thick has a uniformly gradient bound. By Ascoli—Arzela
and elliptic estimates, we can extract a convergent subsequence of w,,, still called w,,.
Now letting ¢ tend to 0 and picking a diagonal subsequence, we get a convergent
subsequence of wy, still called w;,, with the limit (X, Weo|x, ). By Theorem 4.2,
we know that, around a puncture, the limit ws |5, either has a removable singularity
or converges to a Reeb orbit. But at the current stage, w,, may not be defined
around the nodal points.

Secondly, for ¢ sufficiently small, the e-thin part is a disjoint union of finite
cylinders or half-finite cylinders. If E, (wj, |2;_thin) — 0 as n — oo, then the behavior
of wy |2,§-thi“ is controlled by Theorem 3.22. In this case, the convergence of w,, in
the thick part can be continuously extended over X,. Otherwise, w,| 5c-thin €an have
the additional broken trajectory degeneration. By adding more marked points to keep
track of all of the broken trajectory, one has that E, (w, |g§-thin) —0asn—o0. O
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INTEGRATION OF COUPLING DIRAC STRUCTURES

OLIVIER BRAHIC AND RUI LOJA FERNANDES

Coupling Dirac structures are Dirac structures defined on the total space of
a fibration, generalizing hamiltonian fibrations from symplectic geometry,
where one replaces the symplectic structure on the fibers by a Poisson struc-
ture. We study the associated Poisson gauge theory, in order to describe the
presymplectic groupoid integrating coupling Dirac structures. We find the
obstructions to integrability, and we give explicit geometric descriptions of
the integration.

1. Introduction 325
2. Coupling Dirac structures 328
3. Integration of coupling Dirac structures I 336
4. Integration of the Yang—Mills—Higgs phase space 341
5. Integration of coupling Dirac structures II 351
Appendix 360
References 366

1. Introduction

A Dirac structure on a manifold M is a (possibly singular) foliation of M by
presymplectic leaves. It is well known that Dirac structures can be expressed in
terms of a Lagrangian subbundle L of the generalized tangent bundle TM & T*M.
The bundle L inherits a Lie algebroid structure from the Courant bracket [1990], so
Dirac structures are infinitesimal objects. Bursztyn et al. [2004] showed that the
global object underlying a given Dirac structure L is a presymplectic groupoid, i.e.,
a Lie groupoid G = M with a multiplicative closed 2-form 2 satisfying a certain
nondegeneracy condition. Not all Lie algebroids can be integrated to Lie groupoids,
and Dirac structures are no exception: not all Dirac structures can be integrated to
presymplectic groupoids. The obstructions to integrability follow from the general
obstruction theory discovered by Crainic and Fernandes [2003; 2004].
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The general methods presented in [Crainic and Fernandes 2003; 2004] allow one
to decide if a given Lie algebroid is integrable or not, and to produce a canonical
integration in terms of an abstract path space construction. While the obstructions to
integrability can be computed explicitly in many examples, describing the canonical
integration G(L) = M of a given integrable Dirac structure (M, L) is, in general, a
very difficult task. However, for a few classes of Dirac structures one does have
explicit integrations and often in such cases the construction of the groupoid has a
nice geometric flavor.

In this paper we discuss the integration of coupling Dirac structures. The simplest
examples of such couplings arise in the context of a symplectic fibration p : E — B:
a coupling form is a closed 2-form w € Q*(E) on the total space of the fibration
whose pullback to each fiber F}, is the symplectic form wp, on the fiber. The
obstructions to the existence of such a coupling form are well known and we will
recall them below. We are interested in the more general situation of a Poisson
fibration: now one looks for a coupling Dirac structure on the total space of the
fibration which glues the Poisson structures on the fibers. This idea of a coupling is
only a rough approximation: Dirac structures are very flexible and extra care must
be taken in defining precisely the notion of a coupling [Dufour and Wade 2008;
Brahic and Fernandes 2008; Vaisman 2006; Wade 2008].

Coupling Dirac structures appear very naturally in Poisson and Dirac geometry.
One reason is that tubular neighborhoods of symplectic and presymplectic leaves
in arbitrary Poisson and Dirac manifolds are always coupling Dirac structures. Our
first main result concerning the integration of couplings can be stated as follows:

Theorem 1.1. Let L be a coupling Dirac structure on p : E — B. If L is integrable
and (G, 2) = B is a source connected, presymplectic groupoid integrating L, then
Q is a coupling form for a fibration p : G — I1(B) obtained by integrating the
algebroid morphism p,ofi: L — T B.

In other words, coupling Dirac structures integrate to coupling forms. Moreover,
one can express the geometric data of the integration in terms of the geometric data
associated with the coupling Dirac structure L. As a consequence of this result,
any presymplectic groupoid integrating a coupling Dirac structure on p : E — B is
Morita equivalent to a symplectic groupoid integrating the induced vertical Poisson
structure on a fiber Ej,.

The previous result describes the symplectic geometry of the integration. One is
also interested in the groupoid structure of the integration and the obstructions to
integrability. Our inspiration to deal with this integration problem comes from a
beautiful gauge construction, known as the Yang—Mills setup, which yields coupling
Dirac structures [Brahic and Fernandes 2014; Guillemin et al. 1996; McDuff and
Salamon 1998; Weinstein 1980; Wade 2008].
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Start with a principal G-bundle P — B, with a connection I', and a hamiltonian
action G x F — F on a Poisson manifold (F, 7 ), and construct a coupling Dirac
structure L on the associated bundle E = P x F extending the Poisson structures
on the fibers. This construction can be further twisted by a closed 2-form on the
base B, and it leads to many examples of coupling Dirac structures.

We show that one can integrate a Yang—Mills phase space as follows:

(i) First integrate the fiber (F, mr) to a symplectic groupoid F = F, and the
principal G-bundle P — B to the gauge groupoid G(P) = B.

(ii) Then integrate the vertical Poisson structure Ver® to a fibered symplectic
groupoid Gy = P xg F =2 E.

(iii)) The gauge groupoid G(P) = B acts on the fibered groupoid Gy = E — B,
yielding a semidirect product groupoid G(P) X Gy =3 E.

(iv) Finally, the integration of the Yang—Mills phase space is a quotient
g(L)=46(P)xGy/C,
where C is a certain curvature groupoid.

Along the way we obtain the obstructions to integrability of a Yang—Mills phase
space. Our integration procedure does not uses the principal bundle connection;
hence, all the different couplings obtained by varying the connection have the same
integrating Lie groupoid G == E. On the other hand, we also provide a construction
for the presymplectic form g, which obviously depends on the choice of principal
connection.

We show that, provided one is willing to accept infinite dimensional principal
bundles, every coupling on a locally trivial fibration arises as a Yang—Mills phase
space. This observation turns out to be the clue to integrate arbitrary coupling Dirac
structures:

Theorem 1.2. Let L be a coupling Dirac structure on E — B. The source
1-connected groupoid G(L) integrating L naturally identifies with equivalence
classes in P(TB) x g G(Ver*) under the equivalence relation:

* (Y0, &0) ~ (v1, &1) if and only if there exists a homotopy yp : I x I — B,
(t, €) > yg (1) between yy and yy, such that g1 = d(yg, t(80)) - go-

where 8 : P(TB) xg E — G(Ver*) is a certain “groupoid” homomorphism that
can be computed explicitly.

The quotes in “groupoid” are used here because the path space P(TB) is not
really a groupoid, since associativity only holds up to isomorphism.

Again, Theorem 1.2 should be viewed as an infinite dimensional version of
the groupoid integrating the Yang—Mills phase space. It also gives rise to the
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integrability obstructions of coupling Dirac structure. Namely, one checks that
the restriction of the map d : P(TB) xg E — G(Ver*) to a sphere in B based at
some b € B (seen as a map yy : I?> — B such that yB(aﬂ) = {b}) is independent
of its homotopy class. Then, if we let M := d(m2(B) x g E), which we call the
monodromy groupoid of the fibration, then we have the theorem:

Theorem 1.3. Let L be a coupling Dirac structure on E — B and assume that the
associated connection I is complete. Then, L is an integrable Lie algebroid if and
only if the following conditions hold:

(1) the typical Poisson fiber (E, my|g,) is integrable;
(ii) the injection M — G(Ver*) is an embedding.

The transgression map 9 : m(B) xg E — G(Ver®) is computable in many
examples, and so are the integrability obstructions of Theorem 1.3. We refer to the
last section of the paper, where we will discuss for example the trivial fibration
p: S? x 50*(3) — S2, with the usual Lie—Poisson structure on the fibers. Using
Theorem 1.3 one can see that there is only a 2-parameter family of integrable Dirac
couplings of rank 4, while there is an infinite dimensional family of nonintegrable
Dirac couplings of rank 4.

2. Coupling Dirac structures

The notion of a coupling was first introduced in the context of Dirac geometry
[Vaisman 2006] (see also [Brahic and Fernandes 2008; Dufour and Wade 2008;
Wade 2008]) but their origins lie in the theory of symplectic and hamiltonian
fibrations; see, e.g., [Guillemin et al. 1996; McDuff and Salamon 1998]. In this
section we recall the definition of a coupling Dirac structure and study its first
properties.

2A. Fiber nondegenerate Dirac structures. We shall use some standard notions
from Dirac geometry; see, e.g., [Courant 1990]. So given a smooth manifold M, we
denote by TM := TM & T*M its generalized tangent bundle. The space of sections
I'(TM) has two natural pairings:

ey (X, ), (Y, B))x := 3 (iya £ixP),

and a skew-symmetric bracket, called the Courant bracket, given by

2 [(X, @), (¥, B)I:= (X, Y], Lx B — Ly a +d((X, &), (Y, B))-).

An almost Dirac structure L on M is a subbundle L C TM :=TM @& T*M of the
generalized tangent bundle, which is maximally isotropic with respect to (-, - ).
An almost Dirac structure is said to be a Dirac structure if it is furthermore closed
under the bracket [ -, - ].
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In general, the Courant bracket does not satisfy the Jacobi identity. For a Dirac
structure L, however, its restriction to I'(L) yields a Lie bracket, and if we let
fi : L — TM be the restriction of the projection to TM, then (L, [ -, - ]I, #f) defines
a Lie algebroid. Each leaf of the corresponding characteristic foliation, obtained
by integrating the singular distribution Im{, carries a presymplectic form w: if
X,Y e€Imi, we can choose «, B € T*M such that (X, «), (Y, 8) € L and set

3) w(X,Y) = (X,), Y, B))- =iya=—ixp.

One can check that this definition is independent of choices and that w is indeed
closed. Thus we may think of a Dirac manifold as a manifold foliated by (possibly
singular) presymplectic leaves.

In what follows, unless otherwise stated, by a fibration p : E — B we mean a
surjective submersion.

Definition 2.1. Let p : E — B be a fibration. An almost Dirac structure L on E is
called fiber nondegenerate if

“4) (Ver @ Ver®) N L = {0}.

Here, Ver := ker p, C TE denotes the vertical distribution, and Ver’ c T*E its
annihilator. When L is both Dirac and fiber nondegenerate, we shall refer to L as a
coupling Dirac structure.

In the terminology of [Mércut and Frejlich 2013], when L is a Poisson structure,
this condition means that the fibers of p : E — B are Poisson transversals.

In order to understand the geometric meaning of this definition, one needs to
decompose a fiber nondegenerate almost structure L into its various components:

o First, L gives rise to an Ehresmann connection by setting:
&) Hor:={X e TE :da € (Ver)O such that (X, @) € L}.

The fact that Hor @ Ver = TE is an easy consequence of (4).

o Next, it follows from (5) that the horizontal distribution Hor is contained
in the characteristic distribution of L. Hence, we obtain a horizontal 2-form
wpy € Q2 (Hor) by restricting the natural 2-form on the characteristic distribution
to Hor. More precisely, (4) and (5) together show that for each X € Hor, there
exists a unique « € Ver” such that (X, @) € L. The skew-symmetric bilinear
form wpy : Hor x Hor — R is defined by

(6) wy (X1, X2) = (X1, a1), (X2, @2)) -,

where o, a» € Ver® are the unique elements with (X, 1), (X2, 2) € L.
Since L is maximal isotropic, this 2-form can also be written wgy (X1, X3) =
a1 (X2) = —aa(Xy).



330 OLIVIER BRAHIC AND RUI LOJA FERNANDES

« Finally, we can associate to L a vertical bivector field my € X%(Ver). To see
this, first observe that the annihilator of the horizontal distribution is:

Hor’ = {« € T*E : 3X € Ver such that (X, &) € L}.

This, together with (4), shows that for each o € Hor?, there exists a unique
X e Ver such that (X, «) € L. Then one can define a skew-symmetric bilinear
form 7y : Hor’ x Hor’ — R by letting:

@) wy(ar, az) = (X1, a1), (X2, a2))—,

where X, X, € Ver are the unique elements with (X, «1), (X2, ap) € L. Since
L is maximal isotropic, the form 7y : Hor’ x Hor” — R can also be written as
wy (aq, o) = o1(X2) = —ap(X1). Notice that the splitting TE = Hor & Ver
allows us to identify Hor® = Ver*; thus, my becomes a bivector field on the
fibers of p: E — B.

A more geometric interpretation of my is that it is formed by the pullback to
each fiber of the Dirac structure L; an easy computation shows that for each fiber
F, = p‘l(b), the pullback Dirac structure i; L under the inclusion i, : Fj, < E
coincides with my:

ipL:={(X, a|ver) € Ver® Ver* : (X, @) € L} = Graph(ry).
The preceding discussion justifies the following definition:

Definition 2.2. A geometric data on a fibration p : E — B is a triple (7wy, I, wgy),
where

o y € ¥2(Ver) is a vertical bivector field.
e [ is an Ehresmann connection, whose horizontal distribution is denoted Hor,

e wy € Q%(Hor) is a horizontal 2-form,

Proposition 2.3. Given a fibration E — B, there is a one-to-one correspondence
between fiber nondegenerate almost Dirac structures and geometric data on the
fibration.

Proof. We have seen above how to associate to a fiber nondegenerate almost Dirac
structure L, a geometric data (y, I', wgy). Conversely, given a geometric data
('L, wg, wy) on a fibration p : E — B, define an almost Dirac structure L by

(8) L:= {(X—I—Jr‘ﬁ,(oz), ixwg+a):X € Hor and o € Horo}.

Notice that by using the identifications Hor’ = Ver* and Ver’ = Hor*, we obtain
simply L = Graphwy @ Graph zry, which will prove to be a meaningful way of
presenting L later on. U
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Given a fiber nondegenerate almost Dirac structure L with associated geometric
data (I', wy, wy), we now express the conditions on this data which will guarantee
that L is a Dirac structure, i.e., that it is closed under the Courant bracket.

Let us first introduce some notations associated with the connection I'. For a
vector field v € X(B), we denote by h(v) € X(E) its horizontal lift. The exterior
covariant differential dr : Q¥(B) ® C®(E) — QfT1(B) @ C®(E) is given by

k
dro(vo, .., ve) = Y (=1 Lagy @@o, ..., Bis ..., v0)
i=0

+ > (Do (i, vl vo, o D Dy )

i<j
The curvature of I" will be denoted by Curvr € Q2(B, Ver) and is defined by
Curvr (v, w) :=[h(v), h(w)] — h([v, w]) forv, w € X(B).

The curvature measures the failure of Hor in being involutive or, equivalently, the
failure of dr being a differential since

dlz"f(ua U) = ﬁCurv(u,v) f;
forany f € C*°(E) and u, v € X(B).

Proposition 2.4. Let (ny, ', wy) be the geometric data determined by a fiber
nondegenerate almost Dirac structure L on a fiber bundle p : E — B. Then, L is a
Dirac structure if and only if the following conditions hold:

(1) my is a vertical Poisson structure:
[y, y]=0;
(ii) parallel transport along T" preserves the vertical Poisson structure:
Lypwymy =0, forany v e X(B);
(iii) the horizontal 2-form wp is I'-closed:
droyg =0;
(iv) the curvature is hamiltonian:
9) Curv(u, v) = Jr‘j,(dih(u)ih(v)wH), forany u,v € X(B).

A proof of Proposition 2.4 can be found in [Brahic and Fernandes 2008]. We
shall refer to (9) as the curvature identity.
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2B. Examples. The notion of coupling Dirac structure contains as special cases
the notion of coupling form for symplectic fibrations (see, e.g., [Guillemin et al.
1996]) and the coupling Poisson tensor considered by Vorobjev [2001]. We now
recall these examples as well as other ones.

2B1. Coupling forms. Let w be a closed 2-form on the total space of a fibration
p: E — B. The associated Dirac structure L := Graph(w) is fiber nondegenerate
if and only if the pullback of w to each fiber is a nondegenerate 2-form. In this
case, the fibration with the restriction of w to the fibers becomes a symplectic
fibration. The geometric data (;ry, I', wy) associated to L has a nondegenerate
vertical Poisson structure sy which coincides with the inverse of the restriction
of w to the fibers.

The converse is also true: a fiber nondegenerate Dirac structure L for which the
geometric data (my, I', wg) has a nondegenerate vertical Poisson structure my is
determined by a presymplectic form w. In fact, it follows from (8) that L is the
graph of the closed 2-form

w=wy® @my)" "

Hence, fiber nondegenerate presymplectic forms are the same as coupling forms
for symplectic fibrations [Guillemin et al. 1996].

2B2. Coupling Poisson structures. Let w be a Poisson structure on the total space
of a fibration p : E — B. The Dirac structure L = Graph(rr) is fiber nondegenerate
if and only if 7 is horizontal nondegenerate in the sense of [Vorobjev 2001], i.e.,
if the bilinear form 7|y, : Ver’ x Ver” — R is nondegenerate. In terms of the
associated geometric data (zy, I'z, wg) the Poisson structure on the fibers is wy
and wgy 1s nondegenerate; in fact,  induces an isomorphism Ver’ — Hor under
which wy coincides with the restriction 7 |y0.

The converse is also true: a fiber nondegenerate Dirac structure L for which the
horizontal 2-form wp is nondegenerate is given by a Poisson structure . In fact, it
follows from (8) that

7= (op) ' ®ry.

Hence, fiber nondegenerate Poisson structures are the same thing as the horizontal
nondegenerate Poisson structures of Vorobjev.

2B3. Neighborhood of a presymplectic leaf. Let L be any Dirac structure on a
manifold M and fix a presymplectic leaf (S, w) of L. Then, the restriction of L to
any sufficiently small tubular neighborhood p : v(S) — S of the leaf is a coupling
Dirac structure. To see this, one observes that along S:

LN (v(S)x ®vx(S5)°) ={0}, forallxeS.
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It follows that L is fiber nondegenerate on a sufficiently small neighborhood of the
Zero section.

This shows that in a neighborhood of a presymplectic leaf the Dirac structure
takes a special form and we can associate to it the geometric data (;ry, I', wg). The
Poisson structure v is the transverse Poisson structure along S, while S (viewed as
the zero section) is an integral leaf of Hor and the 2-form wy restricted to this leaf
coincides with w. Note that, in general, the distribution Hor fails to be integrable at
other points.

2B4. Reduction of canonical bundles. Let P — M be a principal G-bundle. The
action of G naturally lifts to a hamiltonian action of G on (T*P, w¢a,). Clearly,
T*P is itself a principal G-bundle, sometimes called a canonical bundle, and it
follows that the base manifold 7*P /G has an induced Poisson structure 7.

Each choice of a principal bundle connection 6 : TP — g induces a projection
map pg : T*P/G — T*M. It is easy to check that, for any choice of connection, the
Dirac structure L = Graph(;r) on E = T*P/G is a coupling Dirac structure over
B=T"M.

2BS. Yang—Mills—Higgs phase spaces. There is a construction using principal
bundles and hamiltonian actions which leads to an important class of coupling Dirac
structures.

Definition 2.5. A classical Yang—Mills—Higgs setting is a triple (P, G, F) where
P — B is a principal G-bundle and (F, ) is a G-hamiltonian Poisson manifold
with equivariant moment map ur : F — g*

Proposition 2.6. Let (P, G, F) be a classical Yang—Mills—Higgs setting. Each
choice of a principal bundle connection 0 : TP — g determines a coupling Dirac
structure on the associated fiber bundle E := P xg F — B.

The construction is well known (see [Brahic and Fernandes 2014; Weinstein
1980; Wade 2008]), so it will only be sketched. First, the connection 6 : TP — g
gives a G-equivariant embedding iy : (kerdp)* < T*P, where p : P — B is the
principal bundle projection. This allows us to pullback the hamiltonian G-space
(T*P, wcan, ean)> Where pean @ T*P — g* is the dual of the infinitesimal ac-
tion g — TP, to obtain a hamiltonian G-space ((kerdp)*, Ly, ug), where Ly :=
Graph(ijwcan) and pg : (kerdp)* — g* is the composition fican 0 ig.

Next, combine the hamiltonian G-spaces ((kerdp)*, Ly, ug) and (F, L., i),
where L, = Graph(;rr), to obtain a hamiltonian G-space

((kerdp)* x F, Lo X Ly, o + ILF),

where G acts diagonally on (kerdp)* x F.
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Finally, observe that the hamiltonian quotient

((kerdp)* x F)// G :={(v, f) € (kerdp)* x F : pg(u) + nr(f) =0}/G

is isomorphic to E := P X F: the map [(v, f)] — [(u, f)], where v € kerd, p,
gives the desired isomorphism. It follows that E has a quotient Dirac structure L,
and this is indeed a coupling Dirac structure for the fibration £ — B.

The associated coupling Dirac structure can be described as follows. Since G acts
on F by Poisson automorphisms, the associated bundle E := P x ¢ F has an induced
vertical Poisson structure wy with typical fiber (F, 7). The induced connection
I" on E is a Poisson connection. Denoting by wy € Q2(B, g) the curvature of the
principal connection 6 : TP — g, one obtains a well defined horizontal 2-form wy
on E by setting

wg (h(vy), h(v2)) = (uF, we(vy, V2)).

The triple (7ry, I', wg) is the geometric data associated with L. One can also easily
check that this triple satisfies the conditions in proposition 2.4.

Dirac structures obtained in this way are sometimes called classical Yang—Mills—
Higgs phase spaces. We will be interested in the problem of integrability of such
structures. In particular, the integrability of (F, mr) is not enough to ensure the
integrability of the associated bundle, as shown in the following example.

Example 2.7. Consider the Hopf fibration P = S® — S?, seen as an S'-principal
bundle. One can choose a principal connection & whose curvature is given by
wg = p*w, where w is the standard symplectic form on S% Consider, furthermore,
F = R endowed with the trivial Poisson structure 75 = 0, and let S' act trivially
on F. Any smooth function f : F — R serves as a momentum map.

The associated bundle is trivial: E = P xg1 F = S? x R. Moreover, it is
easily checked that the induced coupling Dirac structure has presymplectic leaves
(S? x {x}, f(x)w). Here, the associated geometric data is given by (my, Hor, wg)
where 7y =0, Hor is the flat connection given by the trivialization, and wy := fp*w.
Although my is integrable, the coupling Dirac structure L is not integrable whenever
f has some critical point; see [Crainic and Fernandes 2004].

Remark 2.8. General coupling Dirac structures can be seen as infinite dimensional
Yang—Mills—Higgs phase spaces, provided one allows for infinite dimensional
structure groups, as shown in [Brahic and Fernandes 2008]. A precise formulation
requires the theory of Fréchet manifolds and Fréchet Lie groups. However, one
can use this Poisson gauge theory heuristically, offering guidance on how to extend
constructions which work for a Yang—Mills—Higgs phase space to a general coupling
Dirac structure. We will use this principle later in our construction of the integration
of general coupling Dirac structures.



INTEGRATION OF COUPLING DIRAC STRUCTURES 335

2C. Coupling Dirac structures as extensions. In the Yang—Mills—Higgs approach
to general coupling Dirac structures, one must allow for infinite dimensional struc-
ture groups. An alternative approach (see [Brahic 2010]) is to observe that coupling
Dirac structures give rise to Lie algebroid extensions.

Proposition 2.9. Let L be a coupling Dirac structure on p : E — B. The morphism
psof: L — TB induces a Lie algebroid extension

(10) Graph(zwy) — L - TB

Moreover, the decomposition (8) induces an Ehresmann connection with horizontal
space Graph(wg), namely

(11) L = Graph(rry) @ Graph(wg).

Proof. The map p,ofl: L — TB is clearly a Lie algebroid morphism, being
the composition of algebroid morphisms. It is a surjective morphism because
Hor C Im ¢ and, since it covers the surjective submersion p : E — B, it defines a
Lie algebroid extension. The fiber nondegeneracy condition also implies that the
kernel of the extension is given by

ker(ps o ff) = #1~!(Ver) = Graph(ry).

Hence, the kernel is exactly Graph(sry ) C Ver* @ Ver. The decomposition (11) gives
a complementary vector subbundle to this kernel, i.e., an Ehresmann connection in
the sense of Brahic. O

For a Lie algebroid extension which is split, as in (11), there is a natural decom-
position of its Lie bracket [Brahic 2010, Lemma 1.8].

First, we may identify Graph(;ry) with Ver®, so sections of Graph(mry) are iden-
tified with vertical forms. Vertical forms «, B € I'(Ver*) come naturally equipped
with a bracket and an anchor inherited from 7y :

(12) v (@) i= 7} (@),
(13) [, Blv := Ly ) B— Ly @ —dvmy (e, B),
where dy : C®°(E) — I'(Ver®) denotes the vertical de Rham differential. Since my
is Poisson, this makes Ver* into a Lie algebroid.
Second, for each v € X(B) there is a unique section 2*(v) of Graph(wg) such

that dp o g(h*(v)) = v. In fact, we have an isomorphism f : Graph(wy) — Hor, so
we can first lift v to /1 (v) € I'(Hor) and then apply #~!, which gives

h* () = (h(v), inwywn) € T (Graph(op)).

We refer to h* : X(B) — I'(Graph(wp)) as the cohorizontal lifting map.
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Sections of L are generated by sections « € I'(Ver®) and h*(v), for v € X(B),
so the Lie bracket on L is entirely determined by its value on these two types of
sections.

Proposition 2.10 (Splitting Brackets). Let L be a coupling Dirac structure on
E — B. Under the decomposition (11) the Lie bracket of L satisfies:

[a7 IB]L = [av ﬂ]v! [h*(U), a]L = ﬁh(v)av
(A" (v), h*(w)]e = h*([v, w]) +dveop (h(v), h(w)),

while the anchor takes the form:
(14) 8" (v) + o) = h(v) + v (@)
for any elements v, w € X(B) and a, B € I" (Ver®).

Proof. The proposition follows from straightforward computation using (2) and the
identifications Hor* ~ Ver” and Ver* ~ Hor", ]

In particular, we see that the curvature of Graph(wg), as an Ehresmann connec-
tion on the Lie algebroid extension L, is given by

(1, dyon, dyoy) € Q*(B, I'(Graph(ry))).

Notice that this is just another way of expressing the curvature identity (9).

3. Integration of coupling Dirac structures I

As stated in the introduction, our main aim is to understand the integration of cou-
pling Dirac structures. We now take care of the symplectic geometry, showing that
an s-connected groupoid integrating a coupling Dirac structure has a presymplectic
2-form which is itself a coupling form.

3A. Presymplectic groupoids. In the sequel, we will denote by G = M a Lie
groupoid, with source and target maps s, ¢ : G — M, identity section ¢ : M — G,
m +— 1,,, and inversion i : G — G, x — x_L The composition of two arrows,
denoted by x - y, is only defined provided s(x) = #(y).

We will denote by ps : A — M a Lie algebroid with Lie bracket [ -, - ]4 and
anchor ff : A — TM. Given a Lie groupoid G, the corresponding Lie algebroid has
underlying vector bundle A(G) :=ker d,(a)s and anchor # :=d,(a)¢. The sections of
A(G) can be identified with the right invariant vector fields on G, and this determines
the Lie bracket on sections of A(G). A groupoid that arises in this way is called
integrable.

Not every Lie algebroid p4 : A — M is integrable. However, there always
exists a topological groupoid G(A) with source 1-connected fibers, that formally
“integrates” A, called the Weinstein groupoid of A. Moreover, A is integrable if and
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only if G(A) is smooth, in which case A(G(A)) is canonically isomorphic to A; see
[Crainic and Fernandes 2003; 2011].

Let us recall briefly the construction of G(A). More details can be found in
[loc. cit.]. An A-path is a path a : I — A such that:

a(t) = S pata(®).

We denote by P(A) the space of A-paths (up to reparametrization), and we set
s(a):= paoa(0) and t(a) := ppo a(l). On the space P(A), there is an equivalence
relation ~, called A-homotopy, that preserves the multiplication. The Weinstein
groupoid is the quotient of P(A) by A-homotopies:

G(A):=P(A)/~.

Given an A-path a, we denote its A-homotopy class by [a]4, or simply [a] when
no confusion seems possible.

When a Lie algebroid arises from a geometric structure, the corresponding Lie
groupoid usually inherits some extra geometric structure. In the case of Dirac
structures L, the Weinstein groupoid G(L) comes equipped with a multiplicative
presymplectic form; see [Bursztyn et al. 2004].

Definition 3.1. A 2-form Q € Q2(G) is multiplicative if
m*Q = pr Q+pr; 2,

where m : G® — G is the multiplication of composable arrows and pr; : G @ 5 Gis
the projections onto factor i. A presymplectic groupoid is a Lie groupoid endowed
with a multiplicative 2-form €2 such that

(15) ker 2, Nker(ds), Nker(d¢), = {0}, forall x € M.

Roughly speaking, Dirac structures integrate to presymplectic groupoids.

Theorem 3.2 [Bursztyn et al. 2004]. Let L be a Dirac structure on a manifold M.
If L is integrable, then G(L) has a naturally induced multiplicative presymplectic
form such that the map (¢, s) : (G(L), Q) — (M x M, L x L°P) is f-Dirac.

The aforementioned multiplicative presymplectic form 2 on G(L) is related
to sections of L in the following way: for any X € TG and any pair of sections

n= (@, a),&=w,p)in (L),
QT X) = —a(s,.X), RQE, X)=BtX),

where we denoted by 7 the left invariant vector field on G(L) associated to 1 and
by & the right invariant vector field associated to £. Also, source and target fibers
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turn out to be presymplectically orthogonal:
Q7,8 =0.

Finally, if (S, wg) is the presymplectic leaf of (M, L) through x € M, then the map
t :s~'(x) — S defines a principal G ,-bundle, and

Q=t[l_ ,os,

S
Li=1x)

T(x)

where -1, : s~ 1(x) = G(L) denotes the inclusion.

Note that, given an integrable Dirac structure (M, L), there can be other pre-
symplectic groupoids (G, 2¢g) integrating (M, L) besides (G(L), 2). However,
if (G, Qg) has source connected fibers, then there is a covering Lie groupoid
homomorphism & : (G(L), Q) — (G, Qg) with &*Qg = Q.

3B. Couplings integrate to couplings. Assume that L is an integrable coupling
Dirac structure on a fibration p : E — B. The anchor § : L — TFE is a Lie algebroid
morphism that integrates to the groupoid morphism G(L) — IT(E) which associates
to the homotopy class of an L-path the homotopy class of its base path. On the other
hand, p,: TE — TB is a Lie algebroid morphism whose integration IT(£) — I1(B)
is the morphism [y ] — [poy]. We will denote the composition of this two groupoid
morphisms by p : G(L) — I1(B).

Now the morphism p : G(L) — T1(B) integrates the Lie algebroid morphism
psof: L — TB. Since p, o is surjective on the fibers, by the coupling condition,
we see that p : G(L) — TI(B) is a submersion, which is not necessarily surjective.

Proposition 3.3. Suppose that L is an integrable coupling Dirac structure on a
fibration p : E — B and the induced Ehresmann connection is complete. Then,
p:G(L) — TI(B) is surjective, so it is a fibration.

Proof. Given [y] € T1(B), where y : I — B is a smooth path, completeness allows
us to lift y to a horizontal path  : I — E. Since y'(¢) € Im4, we can find an
L-path a : I — L with base path y. Then, p([a]) = [y]. U

Remark 3.4. One can show that if a locally trivial fibration p : E — M admits a
complete Ehresmann connection, then p, : I1(E) — I1(B) is also locally trivial and
carries an induced Ehresmann connection. It follows then that if L is an integrable
coupling Dirac structure on a fibration p : E — B and the induced Ehresmann
connection is complete, then p : G(L) — T1(B) is also a locally trivial fibration.

From now on, we will make the implicit assumption that our coupling Dirac
structures have complete induced connections. This is the case, for example, if the
fibers are compact.
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Theorem 3.5. Let L be a coupling Dirac structure on p : E — B. If L is integrable,
then the multiplicative presymplectic form 2 on G(L) is fiber nondegenerate for the
fibration

(16) p:G(L) — II(B),
obtained by integrating the Lie algebroid morphism p,ofi: L — TB.

Proof. Let us denote by Verg, := ker p. We only need to check that the non-
degeneracy condition (4) holds:

(Verg(r) ® Very, ) N Graph € = {0}.
First notice that since p is obtained by composing the groupoid maps
G(L) — I[I(E) — T1(B),

it follows that (X, o) € TG(L) @ T*G(L) lies in Verg(r) ® Verog(L) if and only if it
satisfies

(s« X t,)(X) € Ver x Ver and « € (s* x *)(Ver® x Ver?).

Let g € G(L) be the base point of (X, o), and set x :=s(g) € E and y :=#(g) € E.
The second condition shows that @ € s*(Ver?) + ¢*(Ver?), so there exists ap € Ver
and a; € Ver(y) such that o = s*ag — t*a;. It follows from the first condition that

(s+X, ag) € Ver, & Verg and (#:X,a;) € Ver, ® Ver(y).

Thus, for any (X, o) € (Vergr) ® Verg(L)) NGraph 2, we must have (s, X, ap) € L,
and (¢,X, a1) € Ly, since s x t is a forward Dirac map. By the fiber nondegeneracy
condition of L, we conclude that (s, X, ap) =0 and (¢, X, a;) =0.

It follows that @ = s*ag — t*a; = 0 and that X € kers, Nkert,. Since (X, o) €
Graph €2, we conclude that X € ker s, Nker ¢, Nker 2. The nondegeneracy condition
of 2 (see Definition 3.1) shows that we must also have X = 0. [l

Remark 3.6. For each b € B, the fiber p~!(1,) is a Lie subgroupoid of G(L) over
the fiber E; := p~!(b), and the restriction of € to the fiber is symplectic: it is a
symplectic groupoid integrating the vertical Poisson structure (Ep, 7p); the fact
that ker p, ot = #~!(Ver) is identified with Graph 7y = Ver* as a Lie algebroid is
a consequence of Proposition 2.10. The kernel of p is also a Lie subgroupoid of
G(L) over E of a special kind, called a fibered symplectic groupoid, which we will
study in Section 4A.

If (G, Qg) is another presymplectic groupoid integrating (E, L) with source
connected fibers, then we claim that there is also a fibration p : G — Gp, where
Gp is a certain Lie groupoid integrating T B; in fact, since G has source connected
fibers, there is a covering homomorphism ® : G(L) — G, whose kernel N' C G(L)
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is an embedded bundle of normal subgroups. Its image p(N) C 71 (B) is also an
embedded bundle of normal subgroups and so the quotient Gg := 71 (B)/p(N) is
another Lie groupoid integrating 7'B. Moreover, we obtain a groupoid morphism
p:G — Gp from p:G(L) — w(B) by passing to the quotient. We then obtain as a
corollary of Theorem 3.5:

Corollary 3.7. Let L be a coupling Dirac structure on E — B. If (G, Qg) is any
source connected presymplectic groupoid integrating L, then Qg is a coupling
form relative to the fibration p : G — Gp, the unique Lie groupoid homomorphism
integrating the Lie algebroid morphism § o p,.

3C. Integration of the geometric data. Let L be an integrable coupling Dirac
structure on p : E — B, with associated geometric data (wy, I, wy), and (G, 2) a
source connected presymplectic groupoid integrating L. According to the results of
the previous section, €2 is a coupling form relative to a fibration p : G — Gp, which
is a Lie groupoid homomorphism integrating the Lie algebroid morphism p, o .
We denote by (Qy, ', Qp) the corresponding geometric data.

One can obtain the geometric data of the coupling multiplicative 2-form €2 in
terms of the geometric data of the coupling Dirac structure L as follows:

Proposition 3.8 (integration of the geometric data). The geometric data (Q2y , T, Qp)
for Q is related to the geometric data (wy, I, wg) for L in the following way:

() (Gg,, QE,) = (p~1(1p), iy Qy) is a symplectic Lie groupoid over Ej,, which
integrates wy | g,, where i, : p~1(Ap) < G is the inclusion.

(ii) The connection T" has horizontal lift given by
(17) H(, w) = k') — 1" (w),

where h* denotes the cohorizontal lift.

(iii) Under the natural identification T,Gp = Ty(g) B X T(g) B, the horizontal form
Qpy is given by

(I18) Qu(H v, wy), H(vz, w2)) =wy (h(vy), h(v2)) ot —wp (h(wy), h(wy))os.

Proof. Ttem (i) was already discussed in Section 3B (see Remark 3.6).

To prove item (ii), consider an element (v, w) € T, Gp = Ty(g) B X T4 B. Using
the expression 7*(v) := (h(v), inwy@wn) for the cohorizontal lifts, one checks that
the right hand term in (17) projects onto (v, w) and lies in VeréQL. By uniqueness,
it must coincide with H(v, w).
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Finally, expression (18) for the horizontal 2-form follows by straightforward
computation, using the general properties of multiplicative 2-forms:

Qpu (H(vi, wy), H(va, wy))
= Q(I*(v1), h*(v2) + Q(I* (wy), B*(wy))
= ((h(1), nuy)s h(2), 0))_os — {(h(w)), Nuy), (h(w2), Nuy))_ot
=wy (h(v), h(v2)) ot — wy(wy, wp)os.
O

Remark 3.9. the groupoid geometric data (Qy, ', Qp) has a multiplicative nature:

o The fiberwise symplectic forms are multiplicative 2-form on the vertical
groupoids ker p.

o The Ehresmann connection H = Hor is a multiplicative distribution, since it
is a subgroupoid of TG == TE over Hor C TE.

o Similarly, Equation (18) indicates that Qp is a multiplicative 2-form. There
are several ways of expressing this multiplicativity. For example, one may say
that for any pair of composable arrows (vy, wy), (v2, wr) € Hor®, based at
the same composable arrow (g1, g2) € G,

Qp (Mmuor(v1, w1), Muor(v2, w2)) = Qp (v, v2) + Ly (wi, w).

One may also say that the composition Hor — Hor* — T*G is a groupoid
morphism, where the first map is contraction by 2y and the second one is the
inclusion coming from the splitting 7G = Ver @ Hor.

Observing that €2 is fiber nondegenerate for both p o s and p o ¢, we obtain:

Corollary 3.10. For each b € B, the presymplectic groupoid (G, 2) and the sym-
plectic groupoid (Gg,, QE,) are Morita equivalent presymplectic groupoids:

P, Q
(G, ) (GE,, Q2E,)

where P := s~ (Ep) and Qp 1= 52, withip : P < G denoting the inclusion.

4. Integration of the Yang—Mills—Higgs phase space

In [Brahic and Fernandes 2014], we have proposed an integration procedure for
a Yang—Mills—Higgs phase space. This procedure consists in forming a certain
hamiltonian quotient which is hard to make sense out of for arbitrary coupling Dirac
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structures, since it will involve an infinite dimensional reduction. In this section,
we give a different approach to integrating a Yang—Mills—Higgs phase space.

This new construction of the integration of a Yang—Mills—Higgs phase space
E = P x F associated with a triple (P, G, F) and a choice of connection8: TP — g
involves the following steps:

(i) Integrate the Poisson structure on the fiber (F, mr) to a symplectic groupoid
F=F.

(i1) Integrate the vertical Poisson structure Ver* to a fibered symplectic groupoid
Gv=PxgF=E.

(iii) Integrate the principal G-bundle P — B to the gauge groupoid G(P) = B.

(iv) Let the gauge groupoid G(P) = B act on the fibered groupoid Gy = K — B,
yielding a semidirect product groupoid G(P) X Gy = E.

(v) Finally, integrate the Yang—Mills phase space, forming a quotient
G(L)=G(P)xgy/C,
where C is a certain curvature groupoid.

The next paragraphs describe these constructions.

4A. Fibered symplectic groupoids. We discuss the first two integration steps above.
For this, we recall briefly from [Brahic and Fernandes 2008] a few notions about
fibered symplectic groupoids.

4A1. Fibered groupoids. Letus fix abase B. We have the category Fib of fibrations
over B, where the objects are the fibrations p : E — B and the morphisms are the
fiber preserving maps over the identity.

A fibered groupoid is an internal groupoid in Fib, i.e., an internal category where
every morphism is an isomorphism. This means that both the total space Gy and
the base E of a fibered groupoid are fibrations over B and all structure maps are
fibered maps. For instance, the source and the target maps are fiber preserving maps
over the identity:

Gv X E

Sl

It follows that any orbit of Gy lies in a fiber of p : E — B. In fact, Gy|g, :=
(pos) ' (b)=(pot)~'(b) is a Lie groupoid over Ep.

The infinitesimal version of a fibered Lie groupoid Gy = E — B is a fibered Lie
algebroid Ay — E — B. This means & : Ay — E is a Lie algebroid, the vector
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bundle projection is map of fibrations:

Av—)E
Nt

and the image of the anchor iy takes value in the vertical bundle Ver C TE. There
is an obvious Lie functor from fibered groupoids to fibered algebroids.

A elementary way to obtain a fibered groupoid/algebroid is by using a principal
bundle whose structure group acts on a Lie groupoid/algebroid by automorphisms.
Then we have the following:

Proposition 4.1. Given a principal G-bundle P and an action A : G — Aut(F)
of G on a Lie groupoid F = F by Lie groupoid automorphisms, the associated
bundle Gy := P x ¢ F carries a natural structure of a fibered Lie groupoid over
E := P x ¢ F. The corresponding fibered Lie algebroid is P xg A(F) — E.

Proof. The associated bundle P x ¢ F is given by equivalence classes [u : a] of
couples (u,a) € P x F under the relation [u : a] = [ug™!, Ag(a)] for all g € G.
The source and targets map s, ¢ : P xg F — P X F, given by

slu:al:=[u:s(a)] and tu:a]l:=[u:t(a)],

are easily checked to be well defined. Then, we define a composition by setting
[u':a'l-[u:a]=[u, Ag(a’) - a], where g is the unique element of G such that
u’ = ug. Once we check that it is independent of g, we can write

[u:a']l-[u:al=[u:a-dl,

which makes it straightforward to obtain a groupoid structure P xg F = P X¢ F,
with inverse [u : a]~! = [u : a'] and units 1wy = [u: 1] O

Remark 4.2. As a basic observation, note that each fiber of P x ¢ F comes naturally
equipped with the structure of a Lie groupoid over the corresponding fiber of P x g F,
clearly isomorphic to the model 7 = F.

4A2. Poisson fibrations. We now apply these constructions to integrate Poisson
fibrations into fibered symplectic groupoids.

Definition 4.3. A Poisson fibration p : E — B is a locally trivial fiber bundle,
with fiber type a Poisson manifold (F, mr) and with structure group a subgroup
G C Diff; (F). When & is symplectic the fibration is called a symplectic fibration.

The fibers Ej := p‘1 (b) of a Poisson fibration come with an induced Poisson
structure g, that glue to a Poisson structure sty on the total space of the fibration,
so that g, =y |E,.
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The bivector field mry is vertical; that is, it takes values in /\2 Ver C /\2TE .
Hence, the fibers (E}, 7fg,) become Poisson submanifolds of (E, wy ).

It is important to distinguish wry as a vertical Poisson structure from its underlying
Poisson structure on E. In particular, the Lie algebroid structure associated to wy
as a vertical Poisson structure is defined on the covertical bundle Ver*, rather than
on T*E. The corresponding bracket and anchor are given by (13) and (12). Clearly,
this is a fibered version of the usual construction, which we formalize as follows:

Definition 4.4. A fibered symplectic groupoid is a fibered Lie groupoid Gy whose
fiber type is a symplectic groupoid (F, w).

Therefore, if Gy is a fibered symplectic groupoid over B, then pos = pot:
Gy — B is a symplectic fibration, and each symplectic fiber Gy |g, is a symplectic
groupoid over the corresponding fiber Ep.

Proposition 4.5. The base E — B of a fibered symplectic groupoid Gy = E — B
has a natural structure of a Poisson fibration.

Conversely, a Poisson fibration whose fiber type is an integrable Poisson manifold,
integrates to a fibered symplectic groupoid. In fact, standard facts about integration
of Lie algebroids yield the following (see [Brahic and Fernandes 2008] for details):

Theorem 4.6. Let p : E — B be a Poisson fibration with fiber type (F, nr) an
integrable Poisson manifold. There exists a unique (up to isomorphism) source
1-connected fibered symplectic groupoid integrating Ver®,

Remark 4.7. The integration of 7y as a Poisson fibration and as a Poisson structure
differ since G(Ver*) has only dimension 2 dim(F) 4+ dim(B).

4B. Action groupoids. Next we will discuss steps (iii) and (iv) in the integration of
Yang—Mills phase spaces. We describe an action of the gauge groupoid of a principal
bundle on an associated fibered groupoid, and the resulting action groupoid.

4B1. Action of a Lie groupoid on a fibered Lie groupoid. Given a fibered groupoid

Gv =3 E S B, the gauge groupoid is the transitive (infinite dimensional) groupoid
Gau(Gy) :={Gv|E, LN GvlE, : g1s a Lie groupoid isomorphism},

with source s(g) = b, target ¢(g) = b, and with the obvious composition.

Definition 4.8. An action of a groupoid G = B on a fibered groupoid Gy = E — B
is a Lie groupoid homomorphism @ : G — Gau(Gy).

There is an associated semidirect action groupoid G X Gy = E associated to such
an action, whose space of arrows is defined as

GX Gy =G Xpor Gy ={(g,a) € G X Gy :a € Gylg,g)-



INTEGRATION OF COUPLING DIRAC STRUCTURES 345

The source and target are given by s(g, a) :=s(a) and (g, a) :=t(P,4(a)), the units
by 1, = (1,(y), 11), the inverses by (g, a) = (gfl, d, (@)1, and the composition
by

(19) (82, @2) - (81, a1) = (g2- &1, ;' (@2) - an).

When both G and Gy are Lie groupoid, we say that the action is smooth whenever
G X Gy is a Lie groupoid for the obvious manifold structure.

In order to define the infinitesimal counterpart of this action groupoid, for a
fibered Lie algebroid Ay — E, define

Derg(Ay) :={D € Der(Ay) : the symbol of D is p.-projectable}

There is a well defined map p : Derg(Ay) — X(B), D — p.Xp, where Xp
denotes the symbol of D. Note that Derg(Ay) is a C°°(B)-module by the formula
(f.D)(@) := fD(a). In fact, Derg(Ay) is a Lie algebra over C*°(B) and p a
C°°(B)-linear morphism of Lie algebras. In this work, we will always assume that
Ay is locally trivial, so that p is surjective.

Definition 4.9. An action of a Lie algebroid A — B on a fibered Lie algebroid
Ay — E — B is a C*°(B)-linear Lie algebra morphism D : ['(A) — Derg(Ay)
covering the anchor map, that is, such that {4 = poD.

Given such an action, A X Ay := p*A @ Ay comes naturally with the structure
of a Lie algebroid over E. The bracket and anchor are given by

(v, @) == Xp, + v (a),
[v, w] :=[v,wla, [o,B]:=[a,Bla,, [v,a]:=Dy(a).

for any sections «, 8 € I'(Ay) and v, w € I'(A) seen as sections of A x Ay. The
above brackets and anchor naturally extend to arbitrary sections of A X Ay since
y (A) generates I'(p*A) as a C*°(E)-module.

Definition 4.10. Given an action D : I'(A) — Derg(Ay) of A on Ay, we call the
Lie algebroid A x Ay described above the action Lie algebroid.

Remark 4.11. If Ay is the Lie algebroid of a fibered Lie groupoid Gy, then
Derg(Ay) can be thought of as the Lie algebroid of Gau(Gy). Indeed, any smooth
action ® : G — Gau(Gy) differentiates to an action D : A — Derg(Ay). Moreover,
A x Ay — E is the Lie algebroid of G x Gy = E.

In order to integrate an infinitesimal action D : I'(A) — Derg(Ay), note however
that we need to assume that A acts by complete lifts, meaning that the symbol of
D, is a complete vector field on E for any o € I'(A).
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4B2. Actions of principal bundles on fibered Lie groupoids. Given a principal
G-bundle P, recall that its gauge groupoid G(P) = B has spaces of arrows the
associated bundle P x g P.

Denoting by [u5 : u1] the equivalence class of a couple (up, u1) € P x P, the
source and target of G(P) are defined by s([u3 : u1]) :=quy), t([uz : u1]) :=quy),
and the composition is well defined by setting:

[w:v]-[v:iu]=[w:ul.

The inverses are given by [v : u]~! =[v : u] and identities by 1, = [u : u].

The groupoid G(P) =2 B is transitive, and its isotropy groups fit into a Lie group
bundle Isop — B that canonically identifies with the associated bundle P x s G by
the injection [u : h] — [uh : u]. Note that the same goes for neutral components,
namely Isof, = P x5 G°.

We will be interested in the s-simply connected groupoid G(P) corresponding
to G(P) rather than G(P) itself. The principal bundle corresponding to G (P) has
total space the universal cover P of P. When G is connected, the structure group
G of P fits into an exact sequence:

l—>Im82—>5—>(_}—>1,

where 0, : mp(B) — m1(G) is the boundary operator in the homotopy sequence of
the projection P — B. This means one can always assume that 7{(G) = Im 0,,
provided one chooses to work with g (P) instead of G(P).

Finally, the Lie algebroid associated to G(P) is usually denoted by TP/G. It is
a vector bundle over B whose sections are the G-invariant vector fields on P, and
who fits in the Atiyah sequence:

kerf — TP/G — TB.

Proposition 4.12. Let P be a principal G-bundle and A : G — Aut(F) an action
of G on a Lie groupoid F = F by Lie groupoid automorphisms. Then, there is a
natural action of the gauge groupoid G(P) on the associated fibered Lie groupoid
Gy =P xgF=E:=P xgF.

Proof. Define ® : G(P) — Gau(Gy) by Py, 1([u : al) := [u2g : a], where g is
the unique element of G such that u;g = u. After checking that ® is well defined,
notice that a more convenient formula for @ is simply:

®ryyi([u:al) =[v:a]l foru,ve P,acF.

This makes it straightforward to check that ® indeed takes values in Gau(Gy ), and
that it is a groupoid morphism. U
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Proposition 4.13. With the same assumptions as in Proposition 4.12, the action
groupoid G X Gy =2 E identifies with the quotient (P x P x F)/ G, where G acts on
P x P x F diagonally: [v:u:a]l=[vg:ug: A;l(a)], forany g € G. Moreover,
under this identification, the structure maps are given as follows:

o the source and target map are
slviu:al=[u:s(a)]l and t{v:u:a]l=I[v:t(a)],
o the unit at a point [u : x], where x € F, u € P, is
Tg=1[u:u:1,],

o the inverses are
[v:u:a]_lz[u:v:a_l],

o and the composition is
[w:v:dl-[viu:al=[w:u:d -al.

Proof. By the construction of the Section 4B1, an arrow in G(P) X Gy is a couple
([u2 :uyl, [u: al), where g(u) = g(u1). Since there exists a unique g € G such that
u1g = u, we can always assume that #; = u and the identification easily follows.
The formulas for the structure maps then come from Proposition 4.12 and the
construction of the semidirect product. (Il

4B3. Action groupoid of a Poisson fibration. Let E = P xXg F — B be a Poisson
fibration associated with a principal G-bundle p : P — B and an action of G on
an integrable Poisson manifold (F, mf) by Poisson diffeomorphisms. The results
above show that one obtains an action groupoid as follows.

First, we consider the source connected symplectic groupoid F = F integrating
(F, mp). The G-action on F by Poisson diffeomorphisms lifts to Lie groupoid
action A : G — Aut(F) by groupoid automorphisms; see, e.g., [Fernandes et al.
2009]. Therefore, according to Propositions 4.12 and 4.13, there is a natural
action of the gauge groupoid G(P) =% B on the associated fibered Lie groupoid
Gy := P xg F = E — B, giving rise to an action Lie groupoid G(P) X Gy 2 E.

According to the preceding discussion (see Remark 4.11), the Lie algebroid of
the action Lie groupoid G(P) X Gy =% E has underlying vector bundle

p*Ax Ay = p*(TP/G) x Ver*.

To determine the bracket and the anchor, we need to find the Lie algebra homo-
morphism D : I'(TP/G) — Derg(Ver®). Since Ver* identifies naturally with the
associated bundle Ver* = P x T*F and since the action of G on T*F is naturally
lifted from the G-action on F, it follows that D associates to each G-invariant vector
field X in P the Lie derivative of the vector field Xg € X(FE), induced by the natural
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action on T*P /G on E. In other words, D, coincides with the Lie derivative of its
own symbol:

Dx(a) =Lx, a for X e (TP/G), a € I'(Ver"),

where X is the projection on £ = P x F of the vector field (X,0) € X(P x F).
It follows that if X, Y denote G-invariant vector fields in P and «, 8 € I" (Ver®),
then the anchor of p*(TP/G) x Ver* is given by

(20) B(X, &) := Xg + 7 (1),
while the bracket takes the form
(21) [Xv Y]AIXAV = [Xv Y]7 [a’ IB]AIXAV = [a’ ,B]v [X7 a]AlXAV = EXE((X)'

4C. Integrability of Yang—Mills—Higgs phase spaces. We consider now the last
steps in the construction of the integration of Yang—Mills—Higgs phase space. So
now we assume that we have
e p: P — B aprincipal G-bundle;
o (F, mr) a Poisson manifold;
¢ G X F — F ahamiltonian G-action on (F, ) with equivariant moment map
Jp: F — g~

Each choice of a principal connection 6 : TP — g yields a coupling Dirac structure
on E =P xgF.

The fact that the action is hamiltonian implies that the G action on the algebroid
T*F is prehamiltonian, with premoment map (see ):

Yigx F— T'F
(&, m) —> dn(J, §).

Therefore, by Theorem A.19, i integrates to a groupoid morphism
V:G°X F— F,

where
F:=3(F) /¥ (m(G) x F).

We will assume that \Il(m (G) x F) is embedded in X (F), so that F is smooth.
Clearly, Gy := P x¢ F is a symplectic groupoid integrating Ver* = P x¢ T*F.

The G-action on F lifts to a Lie groupoid action A : G — Aut(F), so we can
apply the construction of the previous subsection: we obtain an action groupoid
G(P)x Gy = E.
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Definition 4.14. The curvature subgroupoid, denoted by C = E, is the subgroupoid
C C G(P) x Gy given by:

C :=Graph(¥Ypoi) C G(P) X Gy,

where Wp : Isop xpE — Gy is obtained by fibrating W : G° x F' — F along P
and i : Iso® — Iso° denotes the inversion.

More explicitly, with the notations of Proposition 4.13, the curvature groupoid C
is given by
(22) C:={[uh™' :u:Wh,x)]eGP)xGy :uecP, he G x € F}.
Proposition 4.15. The curvature groupoid C = E is a wide, normal, completely
intransitive subgroupoid of G(P) x Gy.

Proof. The result follows using the expression (22) for C, the compositions rules
in Proposition 4.13 and Equation (32) in Theorem A.19. The fact that C is a
subgroupoid is rather straightforward. In order to see that it is normal, we pick any
[uh=':u:Wh,x)]eCand[v:u:al € G(P)x Gy which are composable, i.e.,
such that x = s(a), and we find that

[vViu:a]- [uh_1 uWh, x)] - [viu :a]_1 = [vh_1 v W(h, x)],
is an element in C. |
Finally, putting all together, we conclude the following:

Theorem 4.16. Suppose that (P, G, F) is a classical Yang—Mills—Higgs setting
and 6 : TP — g is a principal connection. Let L be the corresponding coupling
Dirac structure on E = P xg F and assume that

(i) the Poisson manifold (F, mwp) is integrable, and

(1) the groupoid \il(m (G) x F) is embedded in % (F).

Then, the quotient groupoid G(P) x Gy /C integrates (E, L).

Proof. As we saw above, the Lie algebroid of G(P) X Gy is given by A X Ay,
where A =TP/G and Ay = Ver*. Furthermore, the principal connection induces a

splitting of the Atiyah sequence, and we have an identification TP/ G ~TB®ker 4.
With this identification, the Lie algebroid A¢ of C lies in

TP/G x Ver* >~ (TB @kerty) x Ver
as
Ac={(0,&, —y (&) € (TB ®kerfiy) x Ver*: & e kerfia},

and the quotient (T B ®ker 1) x Ver*/ A¢ identifies with TB x g Ver*, with canonical
projection given by (X, &, o) = (X, o + ¥ (§)). It now follows from expressions
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(20) and (21) for the anchor and the brackets that the Lie algebroid structure on
A x Ver* descends to a Lie algebroid structure on TB X g Ay whose brackets and
anchor are the same as those given in Proposition 2.10. Hence A x Ver*/A¢ and L
are isomorphic as Lie algebroids.

For the smoothness of the quotient, we observe that G(P) x Gy /C can also be
thought of as an “associated bundle” G(P) Xsos, Gy . Indeed, there is an action of
the bundle of Lie groups Iso} on G(P) x Gy which can be described as follows.
On the one hand, the Lie groupoid morphism W induces an action A of G° on F
by left multiplication: Ay (a) := W (h, x) -a, where h € G° and x := s(a). Fibering
along P, we obtain an action of the bundle of Lie groups Iso% on Gy:

Moo (L 2 al) := [u: W(h, x)-al.

Here we use the identification Iso% >~ P x G° to write an element of Iso% as a
pair [u : h]. Note that this action is well defined by (33). On the other hand, Iso%
acts on G(P) by right multiplication, which is a proper and free action. The two
actions together give a proper and free action of Iso% on G(P) X Gy:

g-(b,a):=(bg™': 1] (@)).

and the quotient is the “associated bundle” G(P) Xso2, Gy.

We claim that G(P) XIsos, Gy can be identified with G(P) x Gy/C. This follows
by observing that any g € Iso} can be written as g = [u : uh] € G(P) so that (see
Theorem A.19):

g-(b,a)=(bg”" 1, (@) =(b.a)-c

where ¢ := ([uh~! :u : W(h)]) € C. Since the assignment ¢ <> g is one-to-one, the
two quotients coincide. U

Remark 4.17. Consider the Hopf fibration P = S* — S?, seen as an S'-principal
bundle, and F = R acted upon trivially with momentum map f : F — R any smooth
function, as in Example 2.7. Then, the second condition in Theorem 4.16 fails if f
has a critical point as explained in Example A.20.

Theorem 4.16 shows that the groupoid structure of G(L) does not depend on the
choice of the principal G-bundle connection. In other words, two coupling Dirac
structures associated with Yang—Mills data with the same principal G-bundle and
hamiltonian G-action, but different principle bundle connections, give rise to the
same Lie groupoid. Note, however, that the presymplectic forms will be distinct, as
it is clear from their geometric data given in Proposition 3.8.

We can also give an explicit description of the presymplectic form €2 on G(L),
as follows. First, we use Proposition 4.13 to identify G(P) X Gy ~ (P x P x F)/G.
We then construct a presymplectic form € on G(P) x Gy: we have a closed 2-form
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on P x P x F given by
Q= PFQr+d(O, i) —d(6, it)2,

where pr: P x P x F — F is the projection, and d(6, ii); denotes the closed 2-form
in Q2(P x P x F) obtained by differentiating the 1-form o; € QI(P x P x F)
given by

% | (uy,u2,0) (V15 V2, W) 1= (O, (Vi), L (Q)).

Here, i : 7 — g* denotes the moment map for the lifted G-action on F, so that
i =pot—puos. One checks easily that the closed 2-form € is basic for the
G-action on P x P x F, so it descends to a multiplicative 2-form in the quotient
(PxPxF)/G=G(P)XGy.

Finally, one checks that resulting multiplicative 2-form on G(P) x Gy further
descends to the quotient G(P) x Gy /C, giving a closed, multiplicative 2-form Qg
satisfying the nondegeneracy condition (15). A more-or-less tedious computa-
tion shows that the target map ¢ : (G(L), Qg) — (E, L) is a forward Dirac map.
Summarizing this discussion, we have:

Corollary 4.18. Under the conditions of Theorem 4.16, the presymplectic form on
the groupoid G(L) = G(P) X Gy / C is the quotient of the closed 2-form

Q= prQr+d(0, 1)1 — d(6, i)a.

The integrability conditions in Theorem 4.16 can be made more explicit. On
the one hand, the integrability of the fiber type (F,mr) follows from general
theory developed in [Crainic and Fernandes 2004] and can be expressed in terms
of monodromy maps 9 : 72(S, x) — G(gx), where S is the symplectic leaf of F
through x and g, = ker nf, |x is the isotropy Lie algebra at x. On the other hand,
condition (ii) can be treated by the same methods as in [Brahic and Fernandes
2014, Section 4.3], and one gets another monodromy type map 7{(G) — F,
controlling (ii). This will be treated elsewhere.

5. Integration of coupling Dirac structures I1

A general coupling Dirac structure may not come from a principal bundle with
structure group a finite dimensional Lie group. For instance, this is the case if
the holonomy group induced by the connection (i.e., the group spanned by the
holonomy along loops in the base) is not a finite dimensional subgroup of the
Poisson automorphisms of the fiber. In such cases, one needs a formulation of the
construction of Section 4C which avoids infinite dimensional reductions. In this
section, we will take advantage of the fact that L fits into a Lie algebroid extension,
to reformulate the construction given in Section 4C, without any mentioning to
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these infinite dimensional group quotients. We follow the ideas of [Brahic 2010] in
order to describe L-paths and L-homotopies.
Recalling that Ver* = Graph(sry ), we know that L is a Lie algebroid extension

Ver* «— L — TB,

which splits. The notion of holonomy makes sense for any Lie algebroid extension
with a splitting (see [op. cit., Section 2.1]), and in our situation, given a 7 B-path
¥g € P(TB), the holonomy is a Lie algebroid morphism

. % k
@, : Ver iEwa) — Ver |Ey,,<1)'

It will be useful to restrict y, to a path [0, ] — TB, where ¢ € [0, 1]. The corre-
sponding holonomy will then be

VB . * *
@7 : Ver |Eyﬂ(0) — Ver |EVB<”.

In the case of a coupling Dirac structure, there is another notion of holonomy to
be taken into account, namely, the one induced by the usual Ehresmann connection
Hor. Given a path y; : [0, 1] — B it gives rise to a holonomy map

@ 2 Ey0) = Ey,)-

Again, restricting y, to a path [0, ] — B the corresponding holonomy will be
denoted

VB .
b1+ Eyy©) = Eyy)-
The two holonomies are related in a simple way:

Proposition 5.1. The holonomy CIDZS induced by the connection Graph (wg) on L
is related to the holonomy ly o induced by Hor on TE by

PG = (95"
Proof. The result follows directly from the identification Ver* = Graph(zry) and
from the particular form of the bracket given in Proposition 2.10. U

Recall that a Lie algebroid extension is called a fibration whenever the Ehresmann
connection is complete [Brahic and Zhu 2011]. It follows from Proposition 5.1
that (10) is a fibration whenever the Ehresmann connection Hor is complete. In the
sequel, we will always assume that this is the case.

5A. Splitting L-paths and L-homotopies. We see from Proposition 2.9 that any
L-path a over y := pr oa decomposes uniquely as a sum:

(23) a(t) = h*(7(0),, ) +ay (1)
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where yj := poy. In this decomposition, neither  — h*(y (1)) S (1) hor £ > ay (1)
is an L-path in general. However, it is possible to “split” the paths in P (L) into
horizontal and vertical parts, as follows:

Proposition 5.2 (splitting L-paths). Let L be a coupling Dirac structure on a
fibration p : E — B. If the associated connection I is complete, then there is an
isomorphism of Banach manifolds:

P(L) —> P(TB) ¢X¢op P(Ver®),
a > ()}Bs &),

where the couple (yy, a) is defined by

(24) yg:=dpota, a, :=ay(t)odg]q,

where ¢Z o Ey,0) —> Ey ) denotes the holonomy along yy.

Proof. This follows from [Brahic 2010, Proposition 4.1] and Proposition 5.1. [J

One should think of the couple (y;, @) as a concatenation of L-paths of the form
h*(yy) - a. Here, h*(y,) denotes the L-path defined by

(25) W) (@) 1= h (75 (D) g7y

where y = s(a). Notice that the L-path (25) is different from the horizontal
component appearing in (23) since the base paths are different. In particular, 2*(y,)
as defined in (25) is always an L-path by construction.

Then Proposition 5.2 can be illustrated in a simple way as follows:

h*(vg)

) D

a a L
X
VB
—_— >
v(0) v (1) TB

In fact, it can be proved that a is L-homotopic to the concatenation 2*(yg) - a.
However, for the sake of simplicity, in this work we shall simply think of the map
a + (a, yg) as an mere identification.

Recall that for any A-path a, its inverse path is the A-path a~! defined by
a ') :=—a(l—1). Using Proposition 5.2, one can express the concatenation and
inverses of L-paths as follows:
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Proposition 5.3. Under the isomorphism of Proposition 5.2, given two composable
L-paths a >~ (yg, a) and b > (8p, b), their concatenation is

& ~ N2 . I
(5. B) - (7. @) = (55 - 7. @7 (D) -a).
Moreover, the inverse path a™" of a is
Vg 7= (v @y, @)

Proof. The result follows directly from (24) and from the fact that the holonomy
commutes with taking concatenation and inverse of A-paths. ([

Notice the analogy between the formula for concatenation in the previous propo-
sition and formula (19) for the product in the action groupoid. In fact, if one thinks
of P(TB) as a groupoid over B, then the holonomy gives an action of P(TB) on
P (Ver*) similar to the action of G(P) on Gy discussed in Section 4B1. For this
reason, one may think of the fibered product P(TB) ¢x,, P(Ver®) as a semidirect
product P(TB) x P(Ver®).

In general, the presence of curvature prevents the fundamental groupoid I1(B)
from acting on P (Ver*). However, holonomy along a path y, € P(B) is a Lie
algebroid morphism @, : Ver*|g, , — Ver*|g, . Hence, it integrates to a
groupoid morphism <I>yB : g (Ver*)|EyB(0) — g (Ver*)lEVB(l) that we still denote by
®,, . Here, G(Ver®) denotes the Weinstein groupoid of Ver®. Finally, notice that
the formulas in Proposition 5.3 still make sense when replacing Ver*paths by
their homotopy classes; therefore, we will denote by P(TB) x G(Ver™) the fibered
product P(TB) gxt, G(Ver®).

Theorem 5.4. Suppose that L is a coupling Dirac structure on E — B. The source
1-connected groupoid G(L) integrating L naturally identifies with equivalence
classes in P(TB) x g G(Ver*) under the following relation:

* (Y0, 80) ~ (y1, &1) if and only if there exists a homotopy yg : I x I — B,
(t, €) = yp(t) between yo and y1, such that g1 = 9(yg, t(0)) - &o-

Here, 3(yy, X0) is the element in G(Ver®) represented by the Ver*-path

] €
(26) € —> (dv)fs(/o (@15)* wn (Vp)s.e dS) € Vers ),

where y(€) := CD;EI o CID},I(;(XO) and

0 V5)se = 0p (h (225, 0), n(L2s, e))) € C¥(Eyyr0)
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One may illustrate the homotopy condition appearing in Theorem 5.4 in the
following way:

() —
Va(yB’ X()) h*()’o)

X1 y

“ Xo

81

X

Example 5.5. Let us consider the case where mry is the trivial Poisson structure.
This occurs, for instance, if L is the restriction of a regular Dirac structure to a
tubular neighborhood E — B of one of its leaves B. Then G(Ver*) is a bundle
of Lie groups that identifies with Ver® with its additive structure. Furthermore, it
follows from the curvature identity (9) that the connection is flat, so we have a
genuine action of the fundamental groupoid IT(B) on Ver* Up to a cover of B, we
may assume that E is trivial as a representation of I1(B). This means that E can
be identified with B x F in such a way that the holonomy along any path is the
identity:

Yo =idp 1 (y(0)) x F —> {y(1)} x F.

It follows that the horizontal and vertical distributions are respectively given by
Hor =TB x F and Ver = B x TF in the decomposition TE = TB & TF. Hence,
wpg can be seen as a family of 2-forms on B parametrized by F, and the leaves of
L are of the form B x {x} with presymplectic form wy|px(x}, Where x € F.

The homotopy condition appearing in Theorem 5.4 can then be expressed as
follows: two elements (yy, go) and (y1, g1) in P(TB) x Tx’gF are homotopic if and
only if there exists a TB-homotopy yp : [ 2 > B between y, and y; such that

@ -20= Ay [ on
VB

where we integrate wy along yj as a 2-form with values in C*°(F). In order to
obtain the above formula, we simply replace ¢>gfi by idF in (26) and then we use the
fact that, 7*F being a bundle of abelian groups, any path in 7,7 F' can be represented
by a constant paths. This amounts in (26) to average with respect to the € variable.
In particular, when F = R, we recover the leafwise prequantization Lie algebroids
and the homotopy condition appearing in [Crainic 2004].
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Notice also that, applying the resulting 1-form to a vector X, € TF, one gets a
geometrical interpretation of g; — go as the variation of the presymplectic area of
¥ in the vertical directions:

d
<dV/wH, Xx0>=a f OH,
17 1=0 Y ypx{$¥(x0)}

where ¢ is the flow of any vector field X € X(F) extending X.,.

Remark 5.6. The construction given in Theorem 5.4 can be interpreted as an
infinite dimensional analogue of the construction given in Section 4 of the groupoid
integrating a Yang—Mills phase space.

For this interpretation, one considers the Poisson frame bundle (see [Brahic and
Fernandes 2008]), so that we can view our coupling as an infinite dimensional
Yang—Mills phase space. One needs first to reduce the structure group from the
group of Poisson diffeomorphisms between a fixed fiber Ej, and any other fiber
to the subgroup generated by the holonomy transformations ®,, along any path
vg € P(B), with y5(0) = by. If P — B denotes the resulting principal bundle,
then one can “identify” the corresponding gauge groupoid Gau(P) = P x g P with
the “groupoid” P (T B). Moreover, the equivalence relation ~ of Theorem 5.4 can
be viewed as the equivalence relation associated with the corresponding curvature
groupoid.

5B. The monodromy groupoid. We now use the constructions of [Brahic 2010;
Crainic and Fernandes 2004] in order to obtain the obstructions to integrability of a
coupling Dirac structure L.

Consider the short exact sequence of Lie algebroids

27 Ver* < L — TB.
We obtain by integration the sequence of groupoid morphisms
(28) G(Ver*) > G(L) 4> TI(B),

where I1(B) denotes the fundamental groupoid of B. Recall that j and ¢ are defined
at the level of paths:

]([&]V) =1l Oa]L and Q([a]L) =[p«o ﬂ(a)]TB-

for any Ver*-path a : I — Ver® and any L-path a : I — L. Although the sequence
(27) is exact, the sequence (28) might not be exact anymore, pointing out a lack
of exactness of the integration functor. However, one can always ensure the right
exactness:
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Proposition 5.7. Let L be a coupling Dirac structure whose induced Ehresmann
connection is complete. Then, the sequence (28) is surjective at [1(B) and exact at

G(L).

Proof. One may see that ¢q is surjective, provided the connection is complete, by
observing that, given [y, 175 € I1(B), the element [A*(y)] € G(L), defined by (25)
maps to [y,].

For the exactness at G(L) one observes that, by the definition, the elements of
ker g are represented by L-paths whose projection on TB is a contractile loop.
Therefore, the inclusion Im j C ker g is obvious. Conversely, given an element
[al. € ker g, represented by some L-path a, we see that a ~ (a, y), under the
identifications of Proposition 5.2, where y; is a contractible loop based at some
b € B. Consider a contraction yg : / 2 - B between v and the trivial path 0.
Then, by Theorem 5.4, we see that (a, y) is L-homotopic to (d(y;) - a, 0p). Since
(d(yp) - a, Op) represents a Ver*-path, we conclude that [a];, € Im j, as claimed. [J

It follows that (28) can only fail to be exact because of the lack of injectivity
of j. In order to measure this failure, we introduce the following:

Definition 5.8. The monodromy groupoid associated with the fibration is the kernel
of j : G(Ver*) — G(L), denoted by M.

Obviously, by construction, we have an exact sequence of groupoids
M — G(Ver*) — kerq,
and we can replace (28) by the exact sequence of groupoids:
G(Ver*) /M — G(Ver*) — I1(B).

The kernel of this sequence kerg = G(Ver*)/M is a bundle of groupoids with
typical fiber the neutral component of the restricted groupoid G(L)|,, to a fiber
Ejp,. In particular, we see that if G(L) is integrable, then the monodromy groupoid
M must be embedded in G(Ver®).

It remains to relate M to the global data associated with L on E.

Theorem 5.9. Consider a coupling Dirac structure L on a fibration E — B, and
assume that the induced Eheresmann connection is complete. Then there exists a
homomorphism

9 :m(B) xg E — G(Ver®),
that makes the following sequence exact:

«oo—> m(B) xg E — G(Ver®) — G(L) — II(B).
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In other words, Theorem 5.9 states that the monodromy groupoids of the fibration
coincide with the image of the transgression map M = Im 9|, (B).

Proof. The map 0 in Theorem 5.4, when restricted to a sphere in B based at some
b € B (seen as a map yp : I?> — B such that Vg (31%) = {b}) is independent of its
homotopy class; see [Brahic 2010]. Then, it follows from that reference and [Brahic
and Zhu 2011] that the restriction of the map 9 to 7> (B) corresponds precisely to
the transgression map. U

Note the analogy between the monodromy groupoid described above and the
monodromy groups that measure the integrability of an algebroid [Crainic and
Fernandes 2003]. In fact, when E is a tubular neighborhood of a leaf B C E in
a Dirac structure, the restriction M|p coincides, by construction, with the usual
monodromy groups along B.

Finally, we can relate the monodromy groupoid of a coupling Dirac structure
with the problem of integrability.

Theorem 5.10. Let L be a coupling Dirac structure on E — B and assume that
the associated connection I is complete. Then, L is an integrable Lie algebroid if
and only if the following conditions hold:

(1) the typical Poisson fiber (E, my|g,) is integrable;
(i) the injection M — G(Ver®) is an embedding.

Proof. First, it is easily seen that since the associated Poisson fibration is locally
trivial, Ver* is integrable if and only if the typical Poisson fiber (E,, wy|g,) is
integrable.

Assume now that L is integrable. Then, the projection g : G(E) — I1(B) is
a smooth surjective submersion. Therefore, kerg is a Lie groupoid integrating
Ver®; in particular, the typical Poisson fiber is integrable. Furthermore, since
kerg = G(Ver*)/ M is smooth, M is necessarily embedded in G(Ver®).

Conversely, suppose that M is embedded in G(Ver*) and consider a sequence
(&,) C N(L) of monodromy elements of L converging to a trivial path 0,. Since
ker § C Ver®, one can consider the sequence [&,]y € G(Ver*), where &, is considered
as a constant path. By the definition [Crainic and Fernandes 2004] of the monodromy
groups N (L) controlling the integrability of L, [£,], € G(L) is a sequence of units
[&.]L =1, , therefore [§,]y € M. In other words, there exists a neighborhood U of
the identity section in G(L) such that N’ (L)NU C M NU. Since M is embedded
in G(Ver®), it follows that there exists a neighborhood V C U of the identity section
in G(L) such that A'(L) NV coincides with the identity section. This shows that
the obstructions to integrability of L vanish. U

Example 5.11 (hamiltonian symplectic fibrations). Assume L that is the graph of
a presymplectic form. Then L identifies with TE as a Lie algebroid (using the
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anchor map). In particular L is integrable and G(L) identifies with the fundamental
groupoid of E. Let us see how one can recover this using the previous construction.

In that case, 7y is the inverse of a symplectic (vertical) form. Thus, Ver*
identifies with Ver as a Lie algebroid, and G(Ver*) >~ G(Ver), which is just a
fibered version of the fundamental groupoid. Therefore, the transgression map
becomes d : my(B) X E — G(Ver) and, as easily checked, corresponds to the usual
transgression map in the homotopy long exact sequence associated to the fibration
E — B. It follows that M, lies in the fundamental group 71 (E,(y)) of the fiber
through x € E, and M is locally trivial over E. Now, Theorem 5.10 shows that L
is integrable.

In fact, if the fibers are compact, one can even show that the transgression
map vanishes. Indeed, given a sphere in B, it follows from (26) that the loops
representing the image of the transgression map are the so-called hamiltonian loops;
see [McDuff and Salamon 1998]. For compact symplectic manifolds, it is a well
known fact that such hamiltonian loops are always contractile.

Example 5.12 (split Poisson structures). When a coupling Dirac structure L is the
graph of a Poisson structure , the decomposition (8) corresponds to a splitting
T =mny + wy, where gy is a bivector field; see [Vorobjev 2001].

One may check that the corresponding connection has vanishing curvature if
and only if wy is Poisson. The characteristic foliation of 7y is then given by the
integrable distribution Hor. Moreover, it follows from the curvature identity (9) that
the connection is flat if and only if wy takes values in the space of Casimirs of wy .

Let us assume that 7 is indeed Poisson and, for the sake of simplicity, assume
that E = B x F is a trivial fibration. Then, one can still interpret the elements of
M in terms of variations of the symplectic area of spheres. First, notice that y€ is
necessarily a trivial path since the connection is trivial. Furthermore, the integral in
(26) involves

which are Casimirs of the vertical Poisson structure on F. The resulting element in
Very, lies in the center of the isotropy algebra at xo. Thus, taking the corresponding
Ver*-homotopy class amounts to integrating along the € variable.

Example 5.13. As a particular case of Example 5.12, consider the trivial Poisson
fibration E = S? x 505 — S?, where p is the projection onto the first factor. Let
my be the linear Poisson structure on the fibers so03 of the projection, and let
Horp ) = T}, S? x {x} be the trivial connection. Then, wy must necessarily be of
the form wy = f - w, where w denotes the standard symplectic form on S? and f
is a Casimir of 503, i.e., a smooth function of the radius r € C*(s03).
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One knows (see, e.g., [Crainic and Fernandes 2003]) that the (usual) monodromy
groups of the vertical Poisson structure at some (b, x) € B x 503 are

4n7Z .dr ifx #0,

N(Ver*)(h,x) = {{0} ifx=0

Applying the integrability criteria of Theorem 5.10, we see that L is integrable if
and only if 47t f/(r) is a rational multiple of 47, for any r. This means that f" must
be constant, so f(r) =ar + 8, witha € Q@ and 8 € R.

One can also recover this result using the prequantization Lie algebroids of
[Crainic 2004] associated with a product of presymplectic spheres. On each leaf,
the restricted Lie algebroid L|g2, g2,y 18 the prequantization of a product of
presymplectic spheres (S% x 2, f'(v)w X w). It is well known that leaf wise, f’(v)
must be a rational multiple of [, w = 4.

This example shows how rigid the integrability conditions can be: in this example,
the value and the derivative of f at a point entirely determines the structure.

Appendix

Al. Actions on Lie groupoids and Lie algebroids. We will have to look at various
actions of Lie groups and algebras on Lie groupoids and Lie algebroids. The
following diagram summarizes the various possibilities:

Lie group action Lie group action
on a groupoid: =  on an algebroid
A G — Aut(9) a: G — Aut(A)
Lie algebra action Lie algebra action
on a groupoid == on an algebroid
2:g—> Xnu(9) ax 0 g — Der(A)

where the four corners have the following precise meaning:

o Action of a Lie group G on a Lie groupoid G: This means a smooth action
A : G x G — G such that for each g € Gthemap A, : G — G, x > gx,is a
Lie groupoid automorphism.

e Action of a Lie group G on a Lie algebroid A: This means a smooth action
a:G x A— A such that for each g € G the mapa, : A - A,a+> ax,is a
Lie algebroid automorphism.

o Action of a Lie algebra g on a Lie groupoid G: This means a Lie algebra homo-
morphism 24 : g = Xpu1t(G), where X (G) C X(G) denotes the multiplicative
vector fields in G.
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o Action of a Lie algebra g on a Lie algebroid A: This means a Lie algebra
homomorphism a, : g — Der(A), where Der(A) is the space of derivations of
the Lie algebroid A.

Clearly, Lie group actions on Lie groupoids and algebroids cover ordinary Lie
group actions on the base manifold. Similarly, Lie algebra actions on Lie groupoids
and algebroids cover ordinary Lie algebra actions on the base manifold.

The arrows in the diagram above represent natural differentiation operations,
either along the group action or along the groupoid. The explicit description is left
to the reader, and then the commutativity of the diagram becomes obvious.

Under appropriate assumptions one can also invert the arrows in the diagram
above, namely:

e One can invert the horizontal arrows (integrate actions on Lie algebroids to
actions on Lie groupoids) if G = G(A), the source 1-connected Lie groupoid
integrating A.

» One can invert the vertical arrows (integrate Lie algebra actions to Lie group
actions) if G = G(g), the source 1-connected Lie group integrating g, and if
the infinitesimal actions are complete (the flows are defined for all ¢ € R).

The reader should be able to fill in the details.

A2. Inner actions. Recall that a bisection b : M — G is a smooth section of the
source map such that £ ob is a diffeomorphism of M. The space Bis(G) of bisections
has natural structure of a group, induced from the groupoid structure, and the map
Bis(G) — Diff(M), b + t o b is a morphism of groups.

The notion of inner action for Lie groupoids follows immediately from the
following definitions:

e An inner Lie groupoid automorphism is a Lie groupoid automorphism ® : G — G
of the form
d(x) =b(t(x))-x-b(s(x)) "

for some bisection b : M — G. They clearly form a subgroup InnAut(G) C Aut(G).

o Ainner Lie algebroid automorphism is a Lie algebroid automorphism ¢ : A — A
of the form
Dq
¢ = ?1.0°

for some time dependent section «; € '(A). Here, ¢ — gofd" denotes the flow of the
time dependent derivation Dy, := [y, - ]). They generate a subgroup InnAut(A) C
Aut(A).

o A multiplicative exact vector field is a multiplicative vector field X € Xyu1c(G)

of the form
X=a—a,
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where « is a section of A = A(G), and @ and « are the right and left invariant vector
fields in G determined by «. They form a Lie subalgebra Xexact(G) C Xmue(G).

e An inner derivation is a Lie algebroid derivation D € Der(A) of the form
D =la,-]a.
for some section o € ' (A). They clearly form a Lie subalgebra InnDer(A) C Der(A).

Now, one can define inner actions in a more-or-less obvious fashion. We obtain
a diagram as above:

inner Lie group inner Lie group
action on a groupoid = action on an algebroid
A : G — InnAut(G) a: G — InnAut(A)
inner Lie algebra inner Lie algebra
action on a groupoid = action on an algebroid
A g = Xexact(9) a, : g — InnDer(A)

In this work, we will mainly consider inner actions associated with a Lie groupoid
morphism ¥ : G x M — G given by

29) Ag(x) =W (g, t(x)) -x-VY(g, s(x))_l, forge G, x €G.

Notice that the map W covers the ordinary action G x M — M on the base.
Furthermore, one may check that ¥ : G x M — G is a Lie groupoid morphism
if and only if the map G — Bis(G), g — b8(x) := W(g, x) is a group morphism
covering the usual Lie group action of G on M.

Similarly, the inner Lie algebra actions on a Lie algebroid a, : g — InnDer(A)
will come associated with a Lie algebroid morphism i : g x M — A (covering the
identity on M) such that

(30) (ag)sx =[¥«(), - 1a, for&eg,

where ¥, (§) € T'(A) is defined by ¥.(§),, = ¥ (&, m), for any m € M. The
map ¥, : g — ['(A) covers the ordinary Lie algebra action g — X(M) on the
base. Moreover, v, is a Lie algebra morphism covering the infinitesimal action
g — X(M) if and only if ¢ is a Lie algebroid.

Proposition A.14. Let G x M — M be an action of a Lie group on a manifold.
Then, any homomorphism V : G x M — G from the action Lie groupoid to a Lie
groupoid G determines by formula (29) an inner action of G on G that covers the
action on M.
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Similarly, let g — X(M) be an action of a Lie algebra on a manifold. Then any
homomorphism ¥, : g x M — A from the action Lie algebroid to a Lie algebroid A
determines by formula (30) an inner action of g on A that covers the infinitesimal
action on M.

Remark A.15. Note that W and ¥ as above do not need to be morphisms in order
for (29) and (30) to induce inner actions. In this paper though, we will always
assume that it is the case.

The relevant notion for this work is the following:

Definition A.16. A prehamiltonian action of a Lie group G on a Lie algebroid A
with prehamiltonian moment map V. : g — I'(A) is an action @ : G — Aut(A) such
that:

o $aexp(re)+(B)],_g = [Vs(6), Bla, for& e g, peT(A),

* Y, is a G-equivariant morphism of Lie algebras.

Note that the G-equivariance is always satisfied when G is connected.

A3. Integration of inner actions. Let us now see in which circumstances one is
able to invert arrows in the last diagram.

Proposition A.17. Suppose that g — X(M) is a complete Lie algebra action and
Y1 gX M — Ais a Lie algebroid morphism from the action Lie algebroid to a Lie
algebroid A. For any Lie groupoid G integrating A, the associated inner action
a, : g — InnDer(A) integrates to an inner action A : G(g) — InnAut(G), where
G (g) is the 1-connected Lie group integrating g.

Proof. By the assumptions, we have a Lie group action G(g) x M — M, and the
corresponding action groupoid G (g) x M = M is source 1-connected. Furthermore,
the Lie algebroid morphism v : g x M — A integrates to a Lie groupoid morphism
U G(g) x M — G(A). Denote by ¥ the composition of U with the natural
projection G(A) — G. Then, one obtains an inner action A : G(g) — InnAut(G)
by (29). As is easily checked, it integrates the inner action a, : g — InnDer(A). [J

The above result is slightly better than the integration of non-inner actions we
referred to in the end of the preceding subsection. In general, in order to integrate a
Lie algebra action of g on a Lie algebroid A to a Lie group action of G on a Lie
groupoid G, we need both G to be 1-connected and G to be source 1-connected
(and the action to be complete).

This is important for our purposes, as G is the structure group of a principal
bundle, thus its topology is imposed. So, we need to refine Proposition A.17 to
groups that are neither simply connected nor connected.

Hence, assume that we want to integrate an inner action a : g — InnDer(A)
associated with ¢ : g x M — A to an action of a connected (but not necessarily
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1-connected) Lie group G with Lie algebra g. Recall that for a connected Lie group
G, its fundamental group fits into the exact sequence

3D 1 — m1(G) — G(g) — G — 1.

Proposition A.18. Suppose that G is a connected Lie group acting on a manifold
M, G is a Lie groupoid over M, and WV : G(g) x M — G is a Lie groupoid morphism.
Then, ¥ descends to a Lie groupoid morphism ¥ : G x M — G if and only if it
takes values in units when restricted to w1(G) x M C G(g) X M, namely

U (G) x M) =1y.

The proof is left to the reader. Note that although v : g x M — A may not
integrate to W : G X M — @, it may still integrate to a morphism V' : G x M — G’
for a smaller Lie groupoid G’ integrating A. This can be decided as follows. First
we integrate ¥ : g x M — A to a Lie groupoid morphism W : G(g) x M — G(A)
with values in the source 1-connected Lie groupoid integrating A. Then, given any
connected Lie group G integrating g, we introduce a bundle of groups A over M,
defined in the following way:

A :=U(m(G) x M) C G(A)

Recall that if A is a totally disconnected wide normal subgroupoid of G(A), then
the quotient G(A)/A is a Lie groupoid; see, e.g., the discussion in [Gualtieri and
Li 2014, Theorem 1.14]. Furthermore, it is easy to see that G(A)/A integrates A.
Therefore, we obtain a Lie groupoid morphism:

V:GxM— GA)/A.

Of course, i integrates to a morphism G X M — G whenever G is covered by

Go :=G(A)/A.

Theorem A.19. Let a : G — Aut(A) be a prehamiltonian action of a Lie group G
on a Lie algebroid A with premoment map V. : g — I'(A) and:

e g X M — A the Lie algebroid associated with V.,
o U:G(g) X M — G(A) the groupoid morphism integrating ,
e A C G(A), the subset defined by A := W (11(G) x M) C G(A).

Then, the following assertions hold:

(i) A is a wide, normal, totally disconnected subgroupoid of G(A),
(i1) a integrates to a groupoid action A : G — Aut(G(A)/A).
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Moreover, G(A)/A is a Lie groupoid if and only if A C G(A) is an embedding. In
this case, ¥ descends to a Lie groupoid morphism W : G x M — G(A)/A and

(32) Ap(x) =Wy (h) - x - Wy (h)™!
(33) Wem(ghg™") = Ag (¥ (h))
forany h € G°, x € G(A)/A, g € G, where m := s(x) and n := t(x).

Proof. Since G acts on A by Lie algebroid automorphisms, one can lift a into an
action A of G on G(A) by groupoid automorphisms via

Ag([qla) :==lagoqla. forge P(A), g€G.

Consider now an A-path g and an element % lying in the neutral component G° of
G. We extend q into a time dependent section of A (which we still denote by ¢) and
consider any g-path £ : € — &, € g that induces a path /. in G° between the identity
and h. By the construction, (a;,)«(g;) is a solution of the evolution equation

(@)@, VeE1s = (@ )u(g), fore,rel.

Then, by [Brahic 2010, Proposition A.1], we obtain

(34) An(lgla) = U, ([E1) - [qla - W, ([E]) "

In particular, if 7 =1, that is, & induces a loop in G°, then A is a normal subgroupoid
of G(A).

Next, we have to make sure that A induces an action on G(A)/A, so we need to
check that A},(A) = A. For this, we apply Equation (34) with g = \fl[n]g, where
1 is a g-path inducing a loop in G, and we use successively the fact that U is a
Lie groupoid homomorphism, then that 71 (G) lies in G(g) as a normal subgroup.
The first relation follows. The second one is obtained by using the equivariance
condition in Definition A.16. O

Example A.20. Here is a basic example where the resulting groupoid G(A)/A
is not smooth. Consider the 1-dimensional (abelian) Lie algebra 3 = R, its dual
3" endowed with the trivial linear Poisson structure, and A := T*3* >~ 3 x 3* the
corresponding Lie algebroid. Then, A integrates to a bundle of Lie groups Z x 3%
where Z is the Lie group R.

Consider furthermore the trivial action of G := S! ~ R/27Z on 3*. Then, any
application J : 3* — Lie(S!) can be chosen to be a moment map. From the Lie
algebroid point of view (see Definition A.16) we only have a prehamiltonian moment
map ¥, : Lie(S!) — I'(3 x 3*), X — dJ(X). The corresponding Lie algebroid
morphism :Lie(S") x 3 — 3 x3%is given by (X, z) — (dJ;(X), z). It integrates
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to a Lie groupoid morphism R x 3* — Z x 3* given by (8, z) — (dJ,(0), z). The
exact sequence (31) reads

l—2—R— S —1,

Hence, we obtain A, = {(dJ,;(2kxw), z) : k € Z}. Clearly, A defines a normal
subgroupoid of Z x 3*; however, Z x 3*/A is not smooth if dJ vanishes at some
point zp.
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ASYMPTOTIC BEHAVIOR OF PALAIS-SMALE SEQUENCES
ASSOCIATED WITH
FRACTIONAL YAMABE-TYPE EQUATIONS

Y1 FANG AND MARIA DEL MAR GONZALEZ

In this paper, we analyze the asymptotic behavior of Palais—Smale sequences
associated to fractional Yamabe-type equations on an asymptotically hyper-
bolic Riemannian manifold. We prove that Palais—Smale sequences can
be decomposed into the solution of the limit equation plus a finite num-
ber of bubbles, which are the rescaling of the fundamental solution for the
fractional Yamabe equation on Euclidean space. We also verify the non-
interfering fact for multibubbles.

1. Introduction and statement of results

Let Q be a smooth bounded domain in R”, n > 3. Fix a constant A, and consider
the Dirichlet boundary value problem of the elliptic PDE

1-1
(1-1) u=20 on 9.

{—Au —Au=ululiz inQ,
The associated variational functional of (1-1) in the Sobolev space WOI’Z(Q) is

2n

1 -2
E(u):5\/8‘_2(|VM|2—AM2)61X—”7/Q|M|I12 dx.

Suppose that the sequence {Uy }oen C WO1 2 (£2) satisfies the Palais—Smale condition,
{E(4q)}aen is uniformly bounded and DE (uy) — 0, strongly in (WOI’Z(SZ))',

as @ — +o00, where (Wol’2 (R2))’ is the dual space of WOI’Z(SZ). In an elegant paper,
M. Struwe [1984] considered the asymptotic behavior of {uy}gen. In fact, in
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the Wol’2 (£2) norm, uy can be approximated by the solution to (1-1) plus a finite
number of bubbles, which are the rescaling of the nontrivial entire solution of

—Au =u|u|rf%2 inR"” and u(x)—0as |x| = +oo.

One may pose the analogous problem on a manifold. Let (M", g) be a smooth
compact Riemannian manifold without boundary. Consider a sequence of elliptic
PDE:s like

(Eg) —Agu +hqu =uﬁJ—r

[SJ[\)

where @ € Nand A denotes the Laplace—Beltrami operator of the metric g. Assume
that A, satisfies the condition that there exists C > 0 with |/, (x)| < C for any o
and any x € M; also hy — heo in L?2(M) as « — +oo. The limit equation is
denoted by

(Exo) —Agu + hoott = u,;_;__z

N

The related variational functional for (Ey,) is
1 1
Eg(u) = 3 /M|Vu|z, dvg + 3 /MhaM2 dvg —

Suppose that {ug > 0}gen C W 12(M) also satisfies the Palais—Smale condition.
O. Druet, E. Hebey, and F. Robert [Druet et al. 2004] proved that, in the W 1-2(M)
sense, Uy can be decomposed into the solution of (Es) plus a finite number of
bubbles, which are the rescaling of the nontrivial solution of

2
|72 dvg.

_Au=ur3  inR"
Let (M", g) be a compact Riemannian manifold with boundary dM. Recently,
S. Almaraz [2014] considered the following sequence of equations with nonlinear
boundary value condition:
—A gu =0 in M,

n

-2) u—l—hau— n—2  on dM,

T e

where o € N and 7, is the inward unit normal vector to dM. The associated energy
functional for (1-2) is

— 1 5 1 5 2(n=1)
Eg(u)ZE/MWulgdvg—l-z/aMhau dog — 2(n 1)/ lu| 72" dog,

foru e HY (M) := {u | Vu € L2(M), u € L?>(3M)}. Here dvg and dog are the
volume forms of M and dM, respectively. He also showed that a nonnegative
Palais—Smale sequence {uy }gen Of {Eg‘ }aen converges, in the H 1(M ) sense, to
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a solution of the limit equation (the equation replacing sy by s in (1-2)) plus a
finite number of bubbles.

Motivated by these facts and the original study of the fractional Yamabe problem
by M.d.M. Gonzalez and J. Qing [2013] (see also [Gonzdlez 2015]), in this paper
we shall be interested in the asymptotic behavior of nonnegative Palais—Smale
sequences associated with the fractional Yamabe equation on an asymptotically
hyperbolic Riemannian manifold.

Let (Xt 1 g"'), n > 3, be a smooth Riemannian manifold with smooth boundary
dX"T1 = M". A function py is called a defining function of the boundary M" in
X1 if it satisfies

px>0in X"t p,=00n M", dps#0on M".

We say that a metric g is conformally compact if there exists a defining function
o« such that (X7+1 g,) is compact for g, = p2g™. This induces a conformal
class of metrics /1 = &« |pmn when defining functions vary. The conformal manifold
(M", [il]) is called the conformal infinity of (X", gT). A metric g% is said to be
asymptotically hyperbolic if it is conformally compact and the sectional curvature
approaches —1 at infinity. It is easy to check then that |dp« g* =1on M".

Using the meromorphic family of scattering operators S(s) introduced by C.R.
Graham and M. Zworski [2003], we will define the so-called fractional order scalar
curvature. Given an asymptotically hyperbolic Riemannian manifold (X"t gh)
and a representative h of the conformal infinity (M", [h]) there is a unique geodesic
defining function ps such that, in M" x (0,8) in X"+ for small §, g™ has the
normal form

gt = P2 (dpi + hp,),
where /1, is a one parameter family of metric on M" such that
ho, =h+hWp, + 0(p2).

It is well-known [Graham and Zworski 2003] that, given f € C°*°(M") and s € C,
Re(s) > n/2 and s(n — s) is not an L? eigenvalue for —A ¢+» then the generalized
eigenvalue problem

(1-3) —Agtii—s(n—s)i =0 in xntt
has a solution of the form

= F(p)" " +G(px)’, F.G€C®(X"*), Fly=0=/.
The scattering operator on M" is then defined as

S()f = G|yn.
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Now we consider the normalized scattering operators

T'(y)
['(=y)
Note that Py g™, il] is a pseudodifferential operator whose principal symbol is

equal to the one of (—Aj)?. Moreover, Py g™, iz] is conformally covariant, i.e., for
any ¢, w € 6*°(X"*1) and w > 0,

Pylgt hl=d,S(E+y), dy=2%

_4_ A _n+2y ~
(1-4) Pylgt w2 hl(p) = w2 Py g T, hl(wg).

Thus we shall call Py[gT, fz] the conformal fractional Laplacian for any y € (0,7/2)
such that n2/4 — y? is not an L? eigenvalue for —Ag+t.
The fractional scalar curvature associated to the operator Py [g™, h] is defined as

o1 = p, g™ h(1).

The scattering operator has a pole at the integer values y. However, in such cases
the residue may be calculated and, in particular, when g* is Poincaré-Einstein
metric, for y =1,

_2 .
Rj,

Prlg™ ) = =i+ 10—

which is exactly the so-called conformal Laplacian, and

i n—2
01 = mRh-
Here, R}, is the scalar curvature of the metric h.

Fory =2, P»[g™, iz] is precisely the Paneitz operator and its associated curvature
is known as Q-curvature [2008]. In general, Py[g™, fz] for k € N are precisely the
conformal powers of the Laplacian studied in [Graham et al. 1992].

We consider the conformal change fzw = w*@=2V)}; for some w > 0; then by
(1-4),

A~ 7 n+2 A~
Pylgt Rl(w) = Qhvw'™=  in (M",}).
If for this conformal change Q?w is a constant C, on M", this problem reduces to
+ A n4+2y . n A
(1-5) Pylg™, hl(w) = Cywn=2r in (M", h),

which is the so-called fractional Yamabe equation or the y-Yamabe equation, studied
in [Gonzélez and Qing 2013].

Throughout the paper, we always suppose that y € (0, 1), and such that the first
eigenvalue for —A, + satisfies A1 > n?/4 —y2, as was pointed out in [Case and
Chang 2015; Case 2015].
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It is well known that the above fractional Yamabe equation may be rewritten as
a degenerate elliptic Dirichlet-to-Neumann boundary problem. For that, we first
recall some results obtained by Chang and Gonzélez in [2011] (see also the paper
by J. Case and S.A. Chang [2015]). Suppose that u™ solves

(1-6) {—Ag+u*—s(n—s)u*:O in X711

limp, o p§ "u* =1 on M".
Proposition 1.1 [Chang and Gonzalez 2011; Gonzalez and Qing 2013]. Suppose
that f € €°°(M). Assume that i, u™ are solutions to (1-3) and (1-6), respectively.
Then p = (u*)Y/"=5) js q geodesic defining function. Moreover, u =i Ju* = ps~"1i
solves

—div(o1 27 Vi) = i XY+l
(1-7) { div(p u)=0 in ,

u=f on M,

with respect to the metric g = p>g ™, and u is the unique minimizer of the energy
functional

() = 1-27|yy)2 d
0= [ Il do

among all the extensions v € WH2(X" 1 p1=27) (see Definition 2.1) satisfying
v|pn = f. Moreover,

= (1+—Q]; 2V+0(2))
p=pe\l+ =0 P P

near the conformal infinity and
n j d
+ _ * 1: 1—2 h * y
Pylg™. W(f) = —dy lim p"=F dpu + O, f. dy = =3, >0.

provided that Trj, k(") = 0 when y € (%, 1). Here glpyn = h, and has asymptotic
expansion

g = dp*[1+ 0(p*")] + h[1 + O(p*")].

We fix y € (0, 1). By Proposition 1.1, one can rewrite the fractional Yamabe
equation (1-5) into the following problem:

—div(p! "2’ Vu) =0 in (X"*1, ),
(1-8) U=w on (M", h),
—d* limyo p' 278 hy = Cywiry M"h
y limp—0 0 ot + Qyw yWw =2y on (M™" h).

In this paper we consider the positive curvature case C, > 0. Without loss of
generality, we assume that C), = d.
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In the particular case y = %, one may check that (1-8) reduces to (1-2), which

was considered in [Almaraz 2014]. The main difficulty we encounter here is the
presence of the weight that makes the extension equation only degenerate elliptic.

Next, we introduce the so-called y-Yamabe constant [Gonzalez and Qing 2013].
For the defining function p mentioned above, we set

yf ol 2”|Vu|2 dvg-l—fMQyu dah

(fM|“|2 dUh)z*

then the y-Yamabe constant is defined as

Iyu, gl =

(1-9) Ay (M, [h]) = inf{ 1y [u, g] |u € W2(X, p' 7))},

It was shown in [loc. cit.] that in the positive curvature case C,, > 0 we must have

Ay (M. [R]) > .

Now we take a perturbation of the linear term Qhw to a general d Olw
where Q) € €*®°(M"), a € N. Suppose that for any & € N and any x € M” there
exists a constant C > 0 such that |Q} (x)| < C. Also assume that Q) — QX in
L*(M™, iz) as @ — +o00. We will consider a family of equations

—div(p! =2’ Vu) =0 in (X" g),
(1-10) u=w on (M™ h),

—hm 1=2v 9 — wisy n
Jo ol + QY w = wn=2r on (M" h).

The associated var1at10na1 functional to (1-10) is

1
1-11) I1Y%(u) = - 1227 \vu|2 d
1) 10 =3 [ o1 vy

1 n—2y 2n
— Yu? doj, — / u|m—2v doj,.
t5 oo (034 T, Mnl | h

Hyperbolic space (H"*1, gyy) is the first example of a conformally compact
Einstein manifold. As (H"*1, giy) can be characterized as the upper half-space
Ri“ endowed with metric g+ = y~2(|dx|? + dy?), where x € R", y € R, then
the Dirichlet-to-Neumann problem (1-8) reduces to

—div(y!™?’Vu) =0 in (R'rrl, |dx|? + dy?),
(1-12) Uu=w a on (R, |dx|?),
hm Y7 pu = wn—2v on (R”, |dx|?).

And the Variatlonal functlonal to (1-12) is defined as

_2 "
E(u) = —/ +1y1_2y|Vu(x,y)|2dxdy—n2—y/ lu(x, 0)| % dx.
R'_li_ n R7
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Up to multiplicative constants, the only solution to problem (1-12) is given by the

standard
n—2y

A 2
w(x) = w"}(x) = (m)

for some a € R" and A > 0 [Gonzélez and Qing 2013; Jin et al. 2014]. By the
Poisson formula of L. Caffarelli and L. Silvestre [2007], the corresponding extension
can be expressed as

y2

A —
(1-13) Ua (x’ y) - R (|x_§-|2+y2)(n+21/)/2 W

2©) de.

Here U, ; is called a “bubble’. Note that all of them have constant energy.
Remark 1.2. For any ¢ € R” and A > 0, we have

Eh=EWh =2 [ 1030 ax.
n Jrn
Now we give some notations which will be used in the following. In the half

space R = {(x,y) = (x1,....x" y) e R"T! | y > 0} we define, for r > 0,

BY(z)={z e [Ri:’fl ||z—zol <71, zo € [R{’_frl},

Dy (x0) = {x € R" | [x —xo| <7, x0 € R"},

9B (z0) = B, (z0) NR",
9t B, (z0) = 9B (zo) N R
Fix y € (0, 1). Suppose that (X, g*) is an asymptotically hyperbolic manifold

with boundary M satisfying, in addition, Trj, A)) = 0 when y € (1/2,1). Let p
be the special defining function given in Proposition 1.1 and set g = p?g™ and
h = g|p. Also, define

B (20) ={z € X | dg(z,20) <1, 20 € X},

D,(x0) ={x M |dj(x,x9) <r, xo € M},
Now, modulo the definitions of the weighted Sobolev space W12(X, p!=27) and

of a Palais—Smale sequence (see Section 2), the main result of this paper is the
following fractional type blow up analysis theorem:

Theorem 1.3. Let {ug > 0}qen C WH2(X, p'72) be a Palais-Smale sequence
for_{lg’a}aeN. Then there exists an integer m > 1, sequences {j1, > 0}qen and
{x0Yaen C M for j =1,...,m, a nonnegative solution u® € WH2(X, p1=2¥) 1o
(2-4) and nontrivial nonnegative functions Uakj:" e wh2 ([Ri’j_‘“, y1727) for some
Aj >0anda; € R" as given in (1-13), satisfying, up to a subsequence,
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(D) ,u({,—>0asa—>+oo,f0rj =1,...,m;
2) {x({;}aeN convergeson M as ¢« — +oo, for j =1,...,m;

3) Asa — +o0,

) (2) = (g,

m
— O_Z Tyl —
Ug —U Nala W1.2(X,pl-2)
Jj=1

where

- _WZD

“/

forz e, J (B (0)) and ¢, j are Fermi coordinates centered at xa € M with
ro >0 small and ng, are cutoﬂ functions such that

ny=1ing(BA(0) and 15,=0inM\g (B (0):
(4) The energies
17%(ug) —Igo(uo)—mE(Uti?') —0, asa— +oo;
(5) Forany 1 <i, j <m,i # j,
W, | pd | di(xd.xg)?
Mo Mo M M

— 400, asa — +o0.

Remark 1.4. (i) We call njul, abubble for j = 1,...,m

(ii) If ug — u® strongly in W2(X, p'=27) as a — +o0, then m = 0.

Although the local case y = 1 is well known [Druet et al. 2004; Struwe 1984],
the most interesting point in the fractional case is the fact that one still has an energy
decomposition into bubbles, and that these bubbles are noninterfering, which is
surprising since our operator is nonlocal.

We finally recall that in the flat case, compactness problems for the fractional
Laplacian were considered in the nice papers by Palatucci and Pisante [2014; 2015],
and also the paper by Yan, Yang, and Yu [Yan et al. 2015].

This paper is organized as follows: In Section 2, we will first recall the definition
of weighted Sobolev spaces and Palais—Smale sequences. Then we will derive a
criterion for the strong convergence of a given Palais—Smale sequence. At last,
e-regularity estimates will be established. In Section 3, we will extract the first
bubble from the Palais—Smale sequence which is not strongly convergent. In
Section 4, we will give the proof of Theorem 1.3. Finally, some regularity estimates
of the degenerate elliptic PDE are given in the Appendix.
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2. Preliminary results

Most of the arguments in this section are analogous to the results in [Druet et al.
2004, Chapter 3]. For the convenience to the reader, we also prove these lemmas
with the necessary modifications.

From now on we use 2* = 2n/(n —2y), y € (0, 1) for simplicity, and always
assume that Palais—Smale sequences are all nonnegative. Moreover, the notation
o(1) will be taken with respect to the limit @« — +o0.

Definition 2.1. The weighted Sobolev space W1-2(X, p!=27) is defined as the
closure of € (X) with norm

(2-1) lullw2x, pr-2vy = (/ p' 72 |Vul? dvg + [ u? da,;)
X M
where dvg is the volume form of the asymptotically hyperbolic Riemannian manifold

(X, g) and doj, is the volume form of the conformal infinity (M, []:l]).

Proposition 2.2. The norm defined above is equivalent to the following traditional
norm

2
(2-2) ||u||;[/l,2(X’pl—2y) = (/X Pl_zy(|Vu|§ +u?) dvg) .
On one hand, || - || can be controlled by || - ||*. This is a easy consequence of

the following two propositions. The first one is a trace Sobolev embedding on
Euclidean space.

Proposition 2.3 [Jin and Xiong 2013]. For any u € ¢ (R} 1),

2%
([ 0P ax)™ < st [ 1190 pPdxdy
+

where

S(n,y)=

1T F(%)(F(n))zny
27 T(1-y) 1 (%) '

I'(3)

Using a standard partition of unity argument, one obtains a weighted trace
Sobolev inequality on an asymptotically hyperbolic manifold:

Proposition 2.4 [Jin and Xiong 2013]. For any & > 0, there exists a constant C¢ >0
such that

2
(1" doi)” < Sy [ o2 15u g . [ o127 .
M X X
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On the other hand, || - ||* can be controlled by || - ||, which is implied by the
following proposition.

Proposition 2.5. For any u € WH2(X, p'=27), there exists a constant C > 0 such

that
/ o' 72 u? dv, < C(/ p1_2y|Vu|§ dvg ~|—/ u? do;l).
X X M

Proof. We use a contradiction argument. Thus, assume that for any o > 1 there
exists uy satisfying

/ P2 duy > a(/ p' 72 |Vug|2 dvg +/ uZ da;,).
X X M

Without loss of generality, we can assume that [y p'72Yu2 dvg = 1. Then we have
/ Pl_zy(|vua|§ + Mﬁ) dvg <1+ l
X o

Then there exists a weakly convergent subsequence, also denoted by {u}, such
that ug — ug in WH2(X, p1727 || - |I%).
Since

lim 1=2Y\Vuy 2 dve =0 and lim | u2doj =0,
o—>00 Xp | a|g g o—>00 M o h

we get that up = 0. On the other hand, via the following Proposition 2.6, the

embedding W12(X, p!727 || - ||I*) = L?(X, p'~2Y) is compact. So we have
/ p' " u dvg =1,
X
which contradicts the fact that ug = 0. Then the proof is completed. |

Proposition 2.6 [Jin and Xiong 2013; Kufner 1985; Di Nezza et al. 2012]. Let

1 <p<g<oowith 11 1

n+1 P q
(i) Suppose2—2y < p. Then WHP (X, p'=27 || - ||*) is compactly embedded in
LI(X, p=27) if

22y - 1 1
pn+2-2y) p q
(i) Suppose2—2y > p. Then WLP (X, p =2V || - ||*) is compactly embedded in
L9(X, p'=2Y) if and only if
1 1 1
—_— > — — =,
(n+2=-2y) p ¢
We will always use the norm in W 1-2(X, p!=27) in the following unless otherwise
stated.



ASYMPTOTIC BEHAVIOR OF PALAIS-SMALE SEQUENCES 379

Definition 2.7. The weighted Sobolev space W 12(X, p!=27) is the closure of
65°(X) in W2(X, p'=27) with the norm

2
s piosvy = ( [ ot 19 dvg) |
Now we define Palais—Smale sequences for the functional (1-11) precisely.

Definition 2.8. The sequence {1g }oeny C WE2(X, p1727) is called a Palais—Smale
sequence for {Igy’a taen if:

(i) {I2* (ua)}aen is uniformly bounded; and
(i1) as o — +o0,
DI}*(uq) — 0, strongly in wl2(x, pt=2y,

where we have defined W1-2 (X, p1—2)/)/ as the dual space of Wl’z(X, p2y—1),
i.e., forany 8 € WL2(X, p1=27),

(2-3) DIY*(ug)-6
:/ P72 (Vug, V), dvg+/ quaeda;,—/ u2 10 doj,
X M M

:0(”9”W1»2(X,p1—21/)), as o — +oo.

The main properties of Palais—Smale sequences are contained in the next several
lemmas:

Lemma 2.9. Let {uy}oen C WH2(X, p'72Y) be a Palais—Smale sequence for the
functionals {Ié”“}aeN, then {ugy}aen is uniformly bounded in W'-2(X, p'=27).

Proof. We can take 6 = ug € WH2(X, p!=27) as a test function in (ii) of
Definition 2.8. Then, we get

/Xpl_zywuoe@ dvg +/M Qhuj doj, :/Mué*d%+0(||ua||W1,2(X,p1—2y)),
which yields that
Ig""(ua)=lf p 7 | Vg2 dvg+1/ oL do,;—l / w2 doj,
2 Jx g 2 Jy oo 2oy @
= %/Mug*ddil +0(||Ma||W1.2(X’pl—2y)).

Since {12 (ua)}aen is uniformly bounded by (i) of Definition 2.8, there exists a
constant C > 0 such that

[ 42 doi =€ +olluallragr, oo
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which by Holder’s inequality yields

2
2 4 2\ 2/2*
/Mua doj, <C (/Mua d(fh) <C+ O(Hu“”W‘sZ(X,p‘—ZV))'

Note that since |Q)| < C for some constant C > 0, we can choose sufficiently
large C; > 0 such that C; + Q) > 1 on M. It follows that

2
||u(¥||Wl,2(X,pl—2y)

=/ p1_2V|VuO,|§ dvg+/ u’ doj,
X M

5[ p' 7 | Vugl2 dvg+/ qu?,daﬁcl[ u doj,
X M M

* 2 /2%
= /Mugt doj, + 0(||ua”W1~2(X,p1—21’)) +C +0(””°‘”u£1»2(x,p1—2y))

2/2*
< C +o(luallwi2cx, pr-2v)) +0(lualypta . pary):

from which we conclude that {uy }yen is uniformly bounded in W 1-2(X, p!=27)

since 2/2* < 1. O

Remark 2.10. From Lemma 2.9, it is easy to see that there exists a function 1 in

WL2(X, p=27) such that ug — u® weakly in W12(X, p=27) as « — +o0.

0

Proposition 2.11. The function u® is nonnegative in X.

Proof. Using Proposition 2.4, we can easily get that u, — u® in LZ(M, ft) as
o — +00, so we have uy, — u? almost everywhere on M. Noting that u, > 0 on
M, we obtain that u° > 0 on M. On the other hand, by Proposition 2.6 and by
the equivalence of the norms || - || and || - ||*, we have ug — u® in L2(X, p!=27)
as o — +oo. For any z € X, take d, < dist(z, M); then we also have ug — u°
in L2(€BJr (2), p'727). Slnce p'727 is bounded below by a positive constant
in %Jr (Z) we get ug — u® almost everywhere in % (Z) up to passing to a
subsequence Noting that uy > 0 in X, we obtain u° > 0in SB+ (z). Since z is
arbitrary in X, we have u° > 0 in X. Combining the above arguments we conclude
that u > 0 in X. |

Next we define the two limit functionals

1 1-2 2 1 2% 7 .
Ig(u):ELp ”|Vu|g dl)g—?/Mllﬂ dUh

and

1 _ 1 1 .
172 (u) = E/X’Ol 2| Vulg dvg-i'E/Mng”z dUﬁ—E*/MIMZ doj,.
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Lemma 2.12. Let {ugtaen C WE2(X, p'=27) be a Palais—Smale sequence for
{Ig,/’a}aeN, and ug — u® weakly in WH2(X, p'=2¥) as « — +o00. We also set
g =uq —u® e WH2(X, p'=27). Then,

() u® is a nonnegative weak solution to the limit equation

{ —div(p' ™ Vu) =0 in X,

(2-4) — lim pl_z”apu + Qlou= u? "' on M:;
p—0

(ii) Ig}”a(ua) = Ig,’(ﬁa) + Ig’oo(uo) +o(1) as ¢ — 400;
(iii) {#y }aen is a Palais—Smale sequence for Ig.

Proof. (i) As €*°(X) is dense in W12(X, p!=27), we only consider the proof
in €®°(X). Let § € €*°(X). Since O} — Q% in L?>(M,h) as « — 400 and
ug — u® weakly in Wh2(X, p!=27) as a — +o0,

/ quano;,:/ QY u®0 doj, + o(1).
M M

Passing to the limit in (2-3), we get easily that

/p1—2V<vu0,v9)gdvg+/ ngu"edo,;=f )% 710 doj,,
X M M

i.e., u? is a weak solution to the limit equation (2-4).

For the proof of (ii), recall that

| otuzdoi= [ 0% doj+ o),
M M

and

1 _ 1 1

2% g
7 Mua doj,

1 _ 1 1 X
) = [ v v 5 [ 0w Vdoy -5, [ (0% doj,

. 1 _ . 1 R
0 =5 [ 67 Vel dvg - 5, [ 1t do,
where iy = 1y —u°. Then,
1Y% (ug) = 132 u®) = 17 (la)
_ . 1
= / P2 (Vu©, Vilg)g dvg — E"/ &y doj, +o(1),
X M

where
Dy = |fiq + u° > — i) — O
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Note that fi, — 0 weakly in W12(X, p!=27) as @ — +o0, thus
1-2y ;7,0 vp
0 (Vu”, Vilg)g dvg — 0, as o — oo.
b

On the other hand, it is easy to check that there exists a constant C > 0, independent
of o, such that

e +u®P" = laa®" = u®] < C(1al " u®] + 1" |ial).
As a consequence, since 11y — 0 weakly in L? (M, fz) by Proposition 2.4, we have
/ |Py|doj, =0, asoa— +oo.
M

The proof of (ii) is completed.
(iii) For any 6 € €®°(X), by (i) we have

DI -6 =0.
Since, in addition,
/ Qruybdoj, = / QgOMOQ doj, +o([|0llwr2(x, p1-27))>
M M

then
(2-5) Dlg’“(uo,) -0 = Dlg(ﬁa) -0 —/ V0 doj, + 0(||0||W1,2(X,p172y)),
M

where Wy = [fig +u®|2 "2 (i1g + u°) — |lig|? 211 — [u°|2 21 and it is easy to
check that there exists a constant C > 0 independent of « such that

I“Ijalfc(|ua|2 2|u0|+|ua||“0|2 2)-

By Holder’s inequality and the fact il — 0 weakly in W12(X, p1=27) as o — +00,

/IIJO[G doj,
M
=(

= o(D01 L2x(ar)-
Thus from (2-5),

A 2%_2 0 S 0)2%—2
ltq| lu |HL2*/(2*—1)(M) + H|ua| u”| ”LZ*/(z*—l)(M)) ||9||L2*(M)

which implies that DIJ (i) — 0in W12(X, p!=27)" as & — 400, since {uq }aen
is a Palais—Smale sequence for {/ g *Y en.
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Finally, from (ii), we know that {liy}yen is a Palais—Smale sequence for / g,’ .
This completes the proof of the lemma. O

Now we give a criterion for strong convergence of Palais—Smale sequences.

Lemma 2.13. Let {iiy }qen be a Palais—Smale sequence for | gf such that g — 0
weakly in W12(X, p1=27) as @ — +o0. If I} (1) — B and

(2-6) B <Bo= () H A (M. 7)Y,

then iy — 0in WH2(X, p1=2Y) as o — +00.

Proof. By Lemma 2.9 (here Qg = 0), there exists a constant C > 0 such that
[fallwi2cx, p1—2v) < C forall @ € N, so

DI} (fl) fig = / p' 7 |Vily |, dvg —/ |ile|? do,
X M
= o(lltallwr2(x, p1-2v)) = o(1).
Then note that Ig),/(ﬁo,) — B as ¢ — 400, s0

2-7) B+o(1) = 1) (ila)

1 1-2 A2 1 A 2% ~
:E/;(p V|Vua|gdvg—3*/M|ua| dah

=L [ 11V dug -+ o)
n Jx

:Z/ i |? doj, + 0(1).
nJm

On the other hand, in the positive curvature case, it was shown in [Gonzélez and
Qing 2013] that the y-Yamabe constant (1-9) must be positive: A, (M, [h]) > 0.
Moreover, by definition,

2
3

~ « 2
2-8) Ay(M, [h])( /M|ﬁoc|2 do;;)
fd;‘/ p' 7| Vilg |2 dvg+/ o102 doj,.

X M

where d;," > (. We also know that |Q§| < C on M™. Note that, by Proposition 2.4,
g — 0in LZ*(MJAI) as o — +00, S0

/ ﬁng}‘l—)O, as o — 400,
M
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since the embedding LZ*(M , iz) C L*>(M, fz) is compact. So we get from (2-7) and
(2-8) that

2
n 2¥ Ao—1 7
(58 +0()" <d7 Ay (M)~ 2B +o0().
Taking & — +00, we must have § = 0 because of our initial condition (2-6). O

Note that the Palais—Smale condition (ii) is the weak form of a Dirichlet-to-
Neumann problem for a degenerate elliptic PDE. In fact, as DI g,' (lg) — 0 in
WL2(X, p1=27Y, it follows that, for any ¢ € W12(X, p1=27),

@9 [ P Vit Vil dvg — [ 1Py do
X M

= oY llwr2cx, p1-2r).
In particular, for any ¥ € Wh2(X, pl=27),

| ¢ Vi, T g = oD 25, 120y
which is precisely the weak formulation of the asymptotic equation
(2-10) —div(p'™?’Viig) = 0(1) in X.

Multiplying both sides of (2-10) by ¥ € W1:2(X, p!=27) and integrating by parts,
we obtain

/M lim P dilq Y do,;+/X P 72 (Vilg, Vi) g dvg =0 (D)W lw1.2(x. p1—27).

which, combined with (2-9), yields that
f lim o'~ 3y iy do, + f 12 i1y do, = o (D) [ ¥ I3, p1—20)-
M p—0 M

and this is precisely the boundary equation in the weak sense

(2-11) — lim p' 28,11y = |iie|* "%y +0(1) on M.

p—0
For (2-10) and (2-11) with {14 }oen, We have the following energy estimate, which
will play an important role in the proof of the strong convergence in Section 3. We
use the notation B; instead of B, (0) for convenience.

Lemma 2.14. (e-regularity estimates) Suppose that {vy }oen satisfies the following
asymptotic boundary value problem

—div(p!™2Vuy) = o(1) in X,

— gi_r)no pl_zyapva = |va|2*_2va +o(1) on M.

(2-12)
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If there exists small ¢ > 0 depending on n and y such that / N |va|2*d0;l <e¢
uniformly in o for some small r > 0, then "Bar

1-2y 2
/£B+ I |Vvg |5 dvg
k.

C[ 1-2y, 2 [

< o v, dv, +C
) a g

r<Js3 G2y

2r

v2 doj, +0(1)[B+ V| dvyg,
2r

where C = C(n, ¢, y) independent of «.

Proof. Let 1 be a smooth cutoff function in X such that 0 <5 <1, n=11n B;(0)
and n=0in X \ ‘B;rr (0). Multiplying both sides of the first equation in (2-12) by
n?vg, integrating by parts and substituting the second equation in (2-12), we get

/ P12 (Vug, V(1*ve)) ¢ dvg
B3,

_ . 1-2y 2 . 2
/8/%;; gl_rg),o (Opva)n~ vy doj, +o0(1) %;n Vg dvg

200 2% 5 . 2
= [ Pl oo [ rua s,
G2 D

so we have

[w p' T 02| Vg 2 dug

2r

. f P2 2004 (V. V) g dvg
B3

v
B

2r

1 2 1-2 2 1-2 2.2
fif%ﬂp IVval2 dug +2 [ | 0721901202 dvg

2r 932r

v
RO

2r

Plval?" doj +0(0) [ 1 val g
53,

Plval? doj +0(1) [ 1Pl .
B3,
which implies that

[ Pl g

2r

1-2 2.2
54/+p V|V77|gvadvg+2/8/ .

QBZF QB2r

Plval?" doj +0(0) [ | 1P val g
53,

c _ .
S,,—Z/%Jf 2Yug dvg +2/i;/%+(nva)2|va|2 2doj, +0(1)/%+ n2|ve] dvg.
2r 2r 2r
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By Holder’s inequality and our initial hypothesis,

2 2*%—2
2% 2%
2 2%—-2 - 2% o 2%
[ e 2 doi < ([ vl doq)” ([ 1ol o)

2r 2r 2r

2

2* 2 . 2%

. (/ nvel? do,;) .
a/%Zr

Then it follows from above that

[P Il g

2r

1-2 2.2 2 2
<2 P (VnRE + P Vea) dg

%Zr

2

C 1-2y 2 z (/ 2% > 2

<= p Vv, dvg +Ce ? Inve|” doj +0(1)f N Vg dvg.

2 g o h o &Ug
reJsy B DR

The trace Sobolev inequality on our manifold setting (Proposition 2.4) gives that

2
* 2% _
([, mal" i)™ < [ o190 dug +C [ au? do
B » D

2r 2r

Therefore,

[ P19 00 g
2r
< £ ,01 2y 2 dv 4 CSZZ*Z/ p1—2y|v(nv )|2 dv
— .2 o g g
2r 2r
2*—2

+Ce ?* // (r]va) doj, +0(1)/ n |va|dvg

2*%—2
Now, fix 7 > 0 small such that ¢ is small enough to satisfy Ce 2* < % Then,

[ oo
¢ 1-2y,2 2 g .
== p Vo dvg + C +Uad(7h+0(1) +|va|dvg. O
r I8 DR

+
%Zr 2r

3. The first bubble argument

In this section, we focus on the blow up analysis of a Palais—Smale sequence
which are not strongly convergent. In particular, using the e-regularity estimates
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(Lemma 2.14), we can figure out the first bubble. We will also show that the Palais—
Smale sequence obtained by subtracting a bubble is also Palais—Smale sequence
and that the energy is splitting.

Lemma 3.1. Let {iig}qen be a Palais—Smale sequence for Ig such that tig, — 0
weakly in W12(X, p'=27), but not strongly as o — +o0o. Then, there exists a
sequence of real numbers {{Lg > O}gyen, Uo —> 0 as @ — +00, a converging
sequence of points {Xq }aen C M, and a nontrivial solution u to the equation

—div(y!"2Vu) =0 in R,
G-1) — lim y'™279,u = u|> ~2u on R",
y—0

such that, up to a subsequence, if we take

8a(2) = 10 (@) — Ma (g T Uiy 05 (2)). 2 € px, (B, (0)),

where ro, no(z), and ¢x,, (z) are the same as in Theorem 1.3, then we have the
following three conclusions:

(1) Dg — 0 weakly in WH2(X, p'=2Y) as a — +00;
(2) {Dataen is also a Palais—Smale sequence for 1Y ;
(3) 1) (ba) = I} (ig) — E(u) + 0(1) as @ — 4-o0.

Proof. Without loss of generality, we assume that i, € €*°(X). By the proof of
Lemma 2.13,

1) () = Z/ p' 7 |Vily|} dvg +o(1) = Z/ it |2 doj, + o(1).
nJx nJjm

Note that {fiq }aen is uniformly bounded in W1-2(X, p!=2¥) by Lemma 2.9, so
there exist a subsequence, also denoted by {4 }oen and a nonnegative constant 3,
such that

I} (lle) =B +o(1), asa— +oo.

Since 71y — 0 weakly in W12(X, p!=27) but not strongly as @ — 400, again by
Lemma 2.13,

lim / g doy =2p>1 0-
Ml «|” doj, yﬂ yﬂ

a—>+00

We will decompose the rest of the proof into several steps:

Step 1. Pick up the likely blow up points.

Claim 1. For any ty > 0 small, there exist xo € M and gy > 0 such that, up to a

subsequence,
A *
| el doj = e
©l0 (xO)
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Proof. If the claim is not true, then there exists # > 0 small, such that for any x € M,

/ |iig|? doj, > 0, @ — 400,
D¢(x)

On the other hand, since (M, };) is compact and M C | J,.cps D:(x), there exists
an integer N > 1 such that M C U,N=1£D, (x;). Thus,

N
/ |ﬁa|2*do;,52/ liig|? doj, = 0,  a— +oo,
M i=1 Qt('xi)

which is a contradiction. O

For ¢t > 0, we set

wy (1) = max |72a|2*do;,.
xXeM J,(x)

Then, by Claim 1, there exists x, € M such that
we (to) :/ lie|? doj, > eo.
©t0 Xo

Note that
[ |ﬁa|2*do;l—>0, ast — 0.
Qt(xtx)

Hence, for any ¢ € (0, gg), there exists #, € (0, z9) such that

(3-2) g= / |iig|?" doj,.
Qta(xa)

Step 2. At each likely blow up point, we will establish weak convergence of a
Palais—Smale sequence after properly rescaling.

For r¢g > 0 small, consider the Fermi coordinates at the likely blow up point
Xa €M, @y, : B;‘rO(O) — X. Here we restrict ro to ro <ig(X)/2, where ig(X) is
the injectivity radius of X. Then, for any 0 < o <1, we define

i (2) = pI7220, (0x, (Ra2)),
ga(z) = (‘P;ag)(ﬂaz),
ha(x) = (@} 1) (1ax),

if z € B;-1,,(0) and x € ' B,_1,,(0).
Given zg € [F\?Trl and r > 0 such that |zg| +7 < Mglro, we have

=2y o |2 _ 12y 1on 12
0 |Vua|~a dv~a —/ 0 |Viig |5 dv,,
/Bi(zO) ¢ a8 o (e B (20) £
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where
~ _ -1
Pa(2) = g P(@xy (UaZ))

and |dpa|g, =1 0on &' B, (zo) since |dplg =1 on M.
On the other hand, if zg € R", and |zo| +r < u, 'ro, then

/ lig|? doj; :/ |aa|2*da,;§/ il | doj.
Dy (z0) ¢ Pxo (e Dy (20)) ®2uar(¢xa (e z0))

Here we have used that ¢y, (ta Dr(20)) = @x, (Duyr (Mazo)), and for x, y € R”,
with |x| < ro. |y| < ro, we have 3|x — y| < dg (g (X), 9o (1)) < 2/x — .

Next, take r € (0, rg) and choose ¢y in Claim 1 such that 0 < ¢y < 2r. For any
¢ € (0, gg), with € to be determined later, and #, € (0, tp), let

r e < 1.

(Sl

0<pg = %r_lta <

Then, by the definition of & from (3-2), if |zo| + 7 < uy 'ro,

(3-3) / ol do: <e.
VBF o) | he

Note that ¢y, (0’ th 110, (0)) = Dy (xa), we have

A2% g SRTAS R
8=/ lig|” doy, =/ N lig|” doj,
:Dta (xa) Pxo (a/Bera (0))

i | da,;:/ L it doy,.
¥ B3 (0)

/q)xawaa/B;(o»

This r¢g > 0 can be chosen smaller again, such that for any 0 < ¢ <1 and any
Xo € M, we can assume that

1 1-2y 2 ~1-2y 2
-4 2 /Rn+1 Y Vul"dxdy = /Rn+1 Pxo. |Vu|§X0~M dvng,M
+ +

52/ y' 72| Vul? dx dy,
Rn+1
+

T ~1-2 ~ _
where u € W2 (R, By 17 ), supp(u) C B3 —1,0(0), Bxg, 1 (2) = 11~ 0 (90 (12)),
and gx,u(2) = (¢x,8)(1z). And foru € L' (R™) such that supp(u) C 8’B2+M—1 ro(0),
we can also assume that

1
—/ |u|dx§/ lu| doj; 52/ |u| dx,
2 Rn R” X0- K R7

where Exo,u(x) = (go;"oiz)(ux).
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Let 7 e %?(RT’I) be a cutoff function satisfying 0 < 7 <

. {1, in B+4(0)
0, in [R{”+1 \B3/4(0),

and set 7o (z) = 7(rg ' az).
Claim 2. {fiqila}aen is uniformly bounded in W12 (R'+ 1 yl=27),

Proof. Note that
f s Pa VIV (i) G, dvg, + / oy Pa Y (fatia)® dvg,
Ry R

- fRnH Pa " CAVilalg, +iiq)tig dvg, +2 f Pa 2 gl Vilal}, dvg,
+ +

< C/ p! 7242 dvg + C/ p1_27|Vﬁa|§, dvg < C,
X X
since {iig }aen is uniformly bounded in W12(X, p!=2¥). Combining this with
(3-4), we get that {fjgliq }oen is uniformly bounded in W1’2(IR'J’FJr Lyl=2ry. OO

Due to the weak compactness of W 1:2(R" H, 1-2¥) there exists some u in
p + Y
WL2®RAFL y1727) such that fgile — u in WE2(RETY y1727) as o — +o0.

Step 3. The weak convergence is in fact strong via e-regularity estimates.

Claim 3. Letry = %0. Then, there exists €1 = e1(y, n) such that for any 0 <r <ry,
0 < & <min{eg, 1}, we have gty — U in WI’Z(B;(O), Y1727y as @ — +o0.

Proof. Given r sufficiently small, to be determined later, for any z¢ € [R’i“, let
¥ € 6 (B;F (20)) N WHART, y1727). Let

N _n—2y
Va(2) =y 2 V(g '0r (2)) forz € gr, (B (20)).
Since {iiy} satisfies the asymptotic equation (2-10),
o(1) ”W”WLz(Ri-l-l,yl—zy) =o(1) ||1&0t”W1,2(X,p172y)

/ (1o B ( ))pl_zV(WmV%)g e
Pxoq Ma by (Z0

= /;?+(zo (/‘Lglp)l_zy(V(f]aﬁa),vW)ga dl)ga,

since 7 is supported in B 4(O) and 7 77 =1lin B 4(0) Also, note that s1nce na (z) =

(narytz), we have fly = 1 in BT thus we need |zo| +7 < 4,ua

1/4ugtro’
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It is easy to check that uy'p — y as @ — +oo since |d(u;1p)|ga =1onR"
and g4 — (|dx|? + dy?). Then we have the asymptotic equation

(3-5) —div(y' 7" V(figiia)) = o(1) in B, (z0).
Since figiiq — u weakly in W 1:2 ([R':rl, y1727), we simultaneously get that
(3-6) —div(y'™?’Vu) =0 in B}'(20).

Now, let ¥ € W12(BF(z0), y'~27). Then, multiplying both sides of (3-5) by
Y and integrating by parts, we get

R — : 1-2y s~ -
(3-7) o(1) ||W||W1,2(Bj(20),y1—2y) /B/Br*(zo) }E}%y Ay (Natle) Y doha

[ YT Gatia). V), du,
B (20)
On the other hand, using (2-10), (2-11), and the definition of 1/Afa,

(3-8) Y 7 (V(ijatia), Vg, dug,
B (z0)

/ e P Vi Vi) g
Pxo (Mo Dy (Z0

__ /M lim o' @) Yo doj; +0(1) [ allw 1.2, 12
- /Mlﬁap*_zﬁa% doj, + o(D)[Vallw2(x, p1-27)

:/aB-‘r( )|ﬁaﬁa|2 —Z(ﬁaﬁa)w do'}';a+0(1)”&(X”Wll(x’pl_zy).
"By (z0

Since ”w”WlsZ(B,*(zo),yl—N) = ||1ﬁa||W1.2(X’p1—zy), combining expressions (3-7)
and (3-8) yields

o(1) ”w”WLZ(B;’_(Zo),yl_zV) = /3’B+(zo) )}l_r)r}) yl_zyay (Natia) ¥ do—ﬁa

[ el i)V doj
¥ Bt (z0) *
1.€.,

— lim 170, (ufia) = [fudal*2(iaiia) +0(1) on /B (z0)
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Meanwhile, since 7ty — u weakly in WI’Z(R1+1, y1727), the same argument
as above gives that

— lim y'" 2 9yu = > “2u  on &' Bt (z0).

y—0

If we denote by
Fa = lilatial” > (atia) = [u*""u — [faila —u> " (atia — ).
then
—div(y'""? V (ilatia —u)) = o(1) in B} (z0).
(3-9) = lim y! 7, (yila —u)
y_)O ~ o~ 2*_2 ~ o~ / -|-

= [Natla — U] (Natiq —u) + Tq +0(1) on d'B, (zo).
We have proved in (3-3) that for any r > 0 and &1 > 0, there exists a sequence
{lta }oen such that, if |zo| +7 <rp < ,u;lro, then

/ liig|* dx < e1.
9B (20)

Therefore, we can also choose r small enough such that, if |z¢| + 37 < ro, then

/ |ﬁaﬁa—u|2*d)€§81.

& B/ (20)

We claim that Ty = o(1) in the sense that for any § € WL2(RH, 31727y,
/af3+(zo)lrae|d0i’ =00l 2% przgyy 88 @ = +00.

We can use the same arguments as in the proof of Lemma 2.12 to show this claim.
Then by the e-regularity estimates and the compact embedding of the weighted
Sobolev space, we can prove that fjgiiq — u in W12(BF(zq), y1727). Then, by

the finite covering we can prove that figiiq — u in W12 (th (0), y1727). |
Applying Claim 3, noting that fjytiy — u in WI’Z(B; (0), y1727) and that
fle = 1in 8/Bl+/4;r1r0 since 0 < g < 1 and 2r < 22,

e = liig|? dos =/ |fiia|? do: 52/ [u? dx +o(1),
/B’th(m Y Jysto) 0 T e

where we used fgiiq — u in L2 (B’th (0), |dx|?) as & — 400 by Proposition 2.4.
So, u # 0.

Claim4. lim po =0.
a—>+00

In fact, if g — po > 0, then 7y tiy, — 0 in WI’Z(B;(O), yl_zy) since g — 0 in
WL2(X, p'=27). But, u # 0, which is a contradiction.
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Claim 5. For any 0 < po < 1, tiq — u strongly in Wl’z(Blfal(O),yl_zy) as
o — 400, and u is a weak solution of (3-1).

Proof. Let 0 < o < 1. By Claim 4, we know that 0 < gy < o for « large. Then,
(3-3) holds for |zg| + 7 < /Lo_ll’o. By the same arguments, it is easy to check that

flallg —u inWh 2(Bzm—l (0), y'727).
For « large, 7o = 1 in Bzm—l (0), so we have
g —>u in Wb Z(Bzm_ 0), y1727)

strongly as o — +00.
Finally, we claim that u solves the boundary problem

—div(y'=2'Vu) =0 in R,

(3-10) — lim y'™279,u = u> 2u  on R
y—0

Since 0 < o <1 is arbitrary, i, — u strongly in WI’Z(B}r (0), y'1727) for any
large R > 0. Without loss of generality, let ¢ € %SO(R’j_H) and supp ¢ C B;go (0)
for some Ry > 0. Set

Va(2) = 13 "7 W (g 05 (2)).

For « large enough,

/pl_zy(Vﬁa,V%z)g dvg :/ ~1 2V(V(naua) Vtﬁ) dvga,
X R
and

/ malz*_zﬁa‘mxdvg:/ |ﬁaﬁa|2*_2(ﬁafla)l//dv§a-
M Rn

Note that g4 — |dx|*> + dy? in %I(BI"{'(O)) as @ — +00, {liy} is a Palais—Smale
sequence for 7} and figiiq — u in W12(B%(0)) for any R > 0. Then, we have

/ YT (VU VY dx dy —/ u> “2uy dx dy =0,
Ry R

which yields our desired result. O

Step 4. The Palais—Smale sequence minus a bubble is still a Palais—Smale sequence.
Define

(3-11) {

wa(z) - 77a (Z)Moz 2 u(“o{ goxa (Z)) ze (/’xa (B2r0 (O))v
We(z) = otherwise,

where 74 is a cut-off function satlsfylng e = 1in <pxa (B (0)) and 7y = 0 in
M\ ¢y, (BZr0 (0)). Here we have SB (xa) Oxy (B2r0 (0)) Let gy = tig — Wq.
We claim:
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(i) D¢ — 0in WL2(X, p1=27) as a — +o0;

(i) DI (Vg) — 0in WI2(X, p!727) as o — +o0;
(iii) Ig}’(ﬁa) = Ig,/(ﬁa) —E)+o0(1) as @ > +0o0;
(iv) {Dg}aen is also a Palais—Smale sequence for / g,’ .

The remainder of the proof of Lemma 3.1 consists of proving these claims.

(i) Since 7l — 0 in W12(X, p'=27) as a — +o0, it suffices to prove Wy — 0
in Wh2(X, p'727) as @ — +oo. First, we prove that [, eV doj, = o(1) as
o — 400 for any ¥ € €°(X). Given R > 0,

(3-12) / Wo ¥ doj, = / Wo ¥ doy, +/ We ¥ doy,.
M 9,08 *a) M\D,, ,r(xa)

Note that /g (x) = (go;“aiz)(uax). Using (3-11),

N N _nh—2y _ _
[ Doy doj, = [ e O T u (s o ()Y (x) do
Dll-ocR(xD‘) QM‘IR(XQ)

n+2y

1 [, 20 00 ¥, (1)) o,
Dr(0)

n+2y
< ClY Loy Hy 2 0)Iu(x)| dx.

R(
Similarly, we can deal with the second term in the right hand side of (3-12):

/M\@MaR(xa) ©2r0(xa)\9uaR(xa)

n+2y
2

=Clylireemymg > u(x)| dx

/DZrou.al (0\Dr(0)
1
n+2y * 2%

< ClY o 15" ( f (o) dx)

DZrO,U.EI (O)\DR(O)
2n
X (/ dx)
Darouz! (0\D (0)
1

* 2%
< CI¥ e ( / (o) dx) .
D2zl (00\Dr(0)

Since u € L2 (R", |dx|?) and g — 0 as @ — +o0o0, taking R large enough we get

/lf)aWdalgzo(l) as o — +00.
M
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Next, we will show that
/ P72 (Viby, Vi) g dvg = 0(1) as @ — +00
X

for any Y € €>°(X). Let Ne(z) = fla(Pxy (HaZ)), palz) = MEIP((PXQ(MOLZ))-
Noting that W, =0 in X \ ‘B;rro (xq), then for any R > 0 and o large,

(3-13) / P2 (Vida, V) g dvg = / p' 2V (Vidg. V) g dvg
X B

3o ()

pl_zy(sz)a, V) g dvg

[B;.O (Xa)\ B, (%)
H L (Vi VY dug
%Rua(xa)

=11+ I».

By Holder’s inequality and the fact that u € W12 (RT‘I, y1=27),

1
2
I < (/ p' 7 | Vidg 2 dvg)
B, (Xa)\B ko ()
(/ 1 2)/| |2 d 2
X e VY vg)
B3, (5a)\ B () i
_ ~1—2y v (= 2
- RV G, dvg,)
(/B;MI(O)\B;(O) ’ ¢

2
x(/+ . pl‘”lw@dvg) =: B(R).
%Zro(xa)\%kua(xa)

(Sl

where

(3-14) lim lim supB(R)=0.

R—+00 a—>+00

The previous limit is estimated because u € w2 ([R'_frl, y 1_2”), so for any «, R,

1

2
512y 17 (5 2 -~
Po T IV(au)lz, dv a) < Cllull g1 2rm 1 1zys
(/I;;roual(o)\BI(o) ¢ g T WL2®RLT, y1727)

and for any € > 0 and any « large, there exists Rg > O such that for R > Ry,

1
2
1-2y 2
0 V| dv) <e
(/zﬁ )\ B, (xa) £

2rg Rug
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Meanwhile,

2 2
I < ( [, o dvg) ( [ o dvg)
B, ) B0 (%)

Ruo

1 1
2 2
_ 12y vz 2 1-2y 2 _
= Po IV (au)lz dvnx) (/ p VY| dv) =o(1),
(/ng(o) * G LR B, (Ka) £

uniformly in R as & — +o00. To see this, for any R > 0,

~1-2 ~ 2 %
(f LB V|V<nau)|g~advga) < Cllullyrart y1-avy:
Br(0)

also in Claim 4 we have proved that

lim pq =0

a—>+00

and note that € W12(X, p!727). Since R > 0 is arbitrary, (3-13) implies that

[ P72 0 V) dv = o)
as o — +o0.

(ii) For any ¥ € W12(X, p!=27), the proof of (i) and Propositions 2.4 and 2.6
imply that

doj -0, asa — +o0.

On the other hand, we have
DI} (a) -y = /Xpl_zy(wa, Vi) g dug —/Mlﬁalz*_zﬁaw doj,

= DIV (iia)- ¥ — DI (ib) - —/Mobaw do;,
where
Dy = |lig — Wa|? “2(llg — a) + g |* by — |iie]? ~2iq.

Following the same argument of [Druet et al. 2004, pp. 39—40], we can prove that
/ Py doj, -0, aso — +oo.
M

Then, we get that Dlg(f)a) — 0in WH2(X, p727) as a — 400, since {ig }aeN
is a Palais-Smale sequence for /.
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(iii) Note that 0y = flg — e and g = 0 in X \ B3, (x4). Given R > 0, for «
large,

(3-15) /Xp1_27|Vf)a|§, dvg

_ 12y |us |2 1-2y v |2
= 0 |Vig |y dvg +/ o |Vilg |5 dvg
/as;m(xa) ¢ X\B3,(xa) ’

- 1-2y v |2 12y 1vs 2
= 0 [Vigly dvg + / Jo Vgl dug
LIQR(XQ) & ‘B;,O(xa)\%::aR (xa) &

+/ p! 72| Viig|? dvg
X\, (xa) ¢

::Il+12+/ p1_2y|Vﬁa|§, dvg.
X\B3, (x)
Since figiiq — u in W12 ([Ri“, y1727) as @ — 400 because of Claim 5,
h=[, PVl ) du
‘BMQR(xa)
— ~1-2y - 2 .
= [ APV —w), dug,
/1;?;(0) a o 8a g
52/ Y172V (g —u)|? dx dy = o(1), asa — +00,
Bf(0)

where we have used that 7, = 1 in BIJQr (0) for « large.
On the other hand, direct computations give that

=2y 1o.n (2 _
P12 |Vidg 2 dug = /
¢ B, =1 (0\B} (0)

52/ yI=2|\Vu|?dx dy
B =1 (O\BF (0)

=B(R).

since u € WL2(RAT, y1727) and pug — 0 as & — +00, where B(R) is defined as
in (3-14). Hence, we get

~1-2y 2 ~
0 IVulz_ dvg,
/z%;o(xa)\%:aR(xa) : ¢

I, = / p' T (Vi |2 + [V |2 —2(Vily, Vidy)g) dug
B, )\B g () s ¢

_ 1-2y A2

= P |Vilg |y dvg + B(R).

/Q%;O(xa)\%jaR(xa) ¢
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Here we have used Holder’s inequality and the fact that {#iy} is uniformly bounded
in WH2(X, p1=27) to get

/ . L P\ (Vi Viba)g dvg = B(R).
%Zro(x“)\%ll-aR(xa)

Therefore, noting that tiy, — u in WI’Z(RT'I, y172¥) as @ — 400, by (3-15),

/ p' T2 |V |2 dug
X

= / p' " |Vily|2 dvg —/ L P T IVial; dug + B(R) +o(1)
X %uaR(x“)

:/ p1_2y|Vﬁa|§ dvg_/Jr ,5(}5—21’|v11a|§,a dvg, + B(R) +o(1)
X B} (0)

R

= [ P Vialzdue = [ 51Ul dxdy + BCR)+ o)

r O

= [ PV vy [ VU dx dy+ AR+ o).
o

In a similar way,

/ |0a|? doj, = / lii|? doj, —/ u|?"dx + B(R) +o(1).
M M R
These imply that
17 (ba) = 17 (fia) — Eu) + B(R) +o(1).
Since R > 0 is arbitrary, we get conclusion (iii).

(iv) It is a direct consequence of (ii) and (iii). O

4. Proof of the main results

Proof of Theorem 1.3. From Remark 2.10, we have ug — u® in WH2(X, pl=27)
as @ — +00. And uy — u® a.e. on M as « — +oo. Then, u® > 0 on M since
Uy > 0. Also, fiy = uy —u? satisfies the Palais—Smale condition and

1 (i) = 17 (ua) — 17 (%) + o (1),

If ig — 0in W12(X, p1=27) as @ — 400, then the theorem is proved. If iy — 0
but not strongly in W12(X, p!=27) as a — 400, then, using Lemma 3.1, we can
obtain a new Palais—Smale sequence {i}}qen satisfying

12 () = 1) (i) — E(u) + 0(1).
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Now, either ﬁé — 0in W12(X, p'72¥) as @ — 400, in which case the theorem
holds, or 71}, — 0 but not strongly in W1:2(X, p!=2¥) as @ — +o00, in which case
we again use Lemma 3.1.

Since {/ z,/ “*(Ug) }aen is uniformly bounded, after a finite number of induction
steps, we get the last Palais—Smale sequence (for m > 1)

{ﬁgl}ae[\j with Iz,/(ﬁg) — ,3 < ,30.
Then, by Lemma 2.13, we can get that
am —0 in WX, p* 1) as @ — +o0.

Applying Lemma 3.1 in the process, we can get that {u/ }}" , are solutions to (3-1).

We will prove the positivity of u/, j=1,...,m,in Lemma 4.2, and the relation (5)
of Theorem 1.3 in Lemma 4.1.
For the regularity of u/, we can use Lemmas A.1 and A.2. O

Lemma 4.1. For any integer k in [1,m], and any integer [ in [0, k — 1], there exist
an integer s and sequences {vd yaen C M and (AL > Olqen, j = 1,....5, such
that di,(xg, y({,)/,uf; is bounded, )t({,/,u’(; — 0as @ — 400, and for any R, R’ > 0,

l 2*
Dk GENUj1 D, 7 ) i=1

where

R/
lim lim supe(R’) =0,
R'—+o00 a—>+00

and {ufx} is derived from the rescaling of u* we obtained in the above proof of
Theorem 1.3, and {x|,} is the i-th likely blow up points sequence.

Proof. We prove this lemma by iteration on /. For any integer k (1 < k <m), if
| =k — 1, then combining the above proof of Theorem 1.3 with Lemma 3.1 and

Proposition 2.4,
/9 Ruk (x&)

so (4-1) holds for s = 0.
Suppose that (4-1) holds for some /, 1 </ <k — 1, we need to show that (4-1)
holds for [ — 1.

k—1 2%
T Z ul —ukl doj, =o(1),

i=1
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Case 1: dj, (xé, x{;) -+ 0 as o — 4o00. Then, for any R > 0, up to a subsequence,
ZDIQ% (x(lx) N QRMI& (xéf) = &, so we have

2% 5 . 12* 5 .
P dois [ P
M\gﬁu(lx(xa)

<C / u' > doj;
R\ Do) o

<C / ! | dx.
R7 \DE(O)

/%Lg, CO\Uj=1 D, 0

Since R > 0 is arbitrary and ul e L2" (),

4-2) / _ |u(lx|2*d0,; =o0(l), asa— +oo.
)

ok FONUi =1 D7 070
So by the induction hypothesis for / and (4-2), we obtain

-1
g —Zuﬁx —uk

i=1

2*
doj,

/zv,m;& CEONUj=1 Dy, 03)

l 2%
ﬁa—Zuix—ug doj,

i=1

S 22*—1/
k J
DRul&(xa)\LE:l DR,% »d)

+22*_1/ , |uf,|2*dcr,;
Dk cENUT =, Dpnnd 679

=o0(1) +&(R)).
Thus we have proven that (4-1) holds for [ — 1.

Case 2: dj, (xé, xéj ) — 0 as @ — +o00. Let r¢ be sufficiently small such that for any
PeM, x,yeR" and |x|, |y| < ro,

slx =yl < di(pp(x), p(¥)) <2|x —yl.
Let ¥, = (1§) ™9 (xg) and 73 = (u§) ™" ¢ ;¢ (ya)- Then,

Dttt (B € (1) 0 D (h) € Dyt (),

(4-3) s/ ky—1_—1 J ~J
D%Aé/ﬂ’&(y“) C (i) (pxg (QR)Lé(ya)) - DZRAé/M/g, (Va)-

Given R > 0, from Lemma 3.1, Proposition 2.4, and the proof of Theorem 1.3,

(4-4) /
/Df"“tlx (x(l)l)

2*
doj, = o(1).
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By the assumption for 1 </ <k —1, i.e.,

I
ﬁa—Zu&—u{;

i=1

2*
doj, = o(1) + &(R"),

/@RM;& GO\Uj=1 Dy, 0
combined with (4-4),

uk|?" daj, = 0(1) + &(R)),

/[DRMI& BN =1 Dy, 7 OGN D1 ()

R/X

so using (4-3) we arrive at

(4-5) /
[DR(O\Uj=; D

2R},

|uk|2*daﬁa =o(1)+&(R)).

=J =1
/Mé a)ln Dl/21~?,ufx/u.§(xa)

Next, we consider two scenarios: first, assume that dj, (xé, xg )/ yf; — 400 as
o — +00. We claim that di,(xé, x{;)/,ufx — 400 as ¢ — +00. If not, then (4-5)
with R large enough yields that fo / M’oj — 0 as @« — +00. Moreover,

di(xg. x8) _ din(xf, x§) ply
Iy we M

so we can choose R > 0 such that Dj uk (xéj) NDp " (xé) = &, which reduces to
the previous Case 1; as a consequence, (4-1) holds for / — 1.

Second, if dj, (x(lx,xg)/,uffl -+ 400 as ¢ — 400, then, up to a subsequence,
dil(xé, xéf)/uf; converges. So, (4-5) implies that ,u(lx/,ulo‘l — +00. Set y3tl = x‘lx
and A5 = ul . Then,

I 2%
g — Z ul —uk| doj =o0(1) + (R

i=1

/1 k s+1 (v
QRMI&(XQ)\Uj‘:l CDR,A[jx(y({z)

and
/ | bl doj < [ L 2" doy
Dk N L1 D, 00 M\D, 1 (x4)
< C/ ! dx < e(R'),
R\ Dgs(0)
which yield that

-1 2%
g — Z ul —ukl doj =o0(1) +e(R)).

i=1

/n k s+1 (v
DRMI&(XQ)\UJ‘=1 DR’A& &)

In particular, (4-1) holds for / —1, as desired. The iteration process is thus completed.



402 YI FANG AND MARIA DEL MAR GONZALEZ

Moreover, we have also shown that for any i # j
e wg | di(xl.x3)?

T Ll 1
compare [Almaraz 2014; Druet et al. 2004; Struwe 1984]. Note that this convergence
contains two kinds of bubbles: one case is that ;fo = O(ul) when o — +00; then
the two blow up points are far away from each other. The other case is that

,ufx =o(ud) or pl = o(ufx) when @ — +o00; then the distance of the two blow up
point cannot be determined. Also we get that 12,/ /J,]gl —0as o — +o00. O

— 400 as o — +0o0;

Lemma 4.2. The u' (fori =0,1,...,m) that we get in the Theorem 1.3 are all
nonnegative. In particular, for i > 1, u' is of the form Uci" for some A; > 0 and
a; € R", where Ui,-i is as in (1-13).

Proof. First of all, note that u® > 0 in X by Proposition 2.11. So, we just need to
prove the positivity of u’ for i > 1. For any k € [1, m], taking [ = 0 in Lemma 4.1,

(4-6) liig — UF1? doj, = o(1) + &(R)

/@Rug; GO\Uj=1 D, 02
where
Uk (x) = (ub)y=" 2" uk (k) ¢ (x)  forx € Dp i (xf)

is called a bubble. Since ug = 1ig + u°, for x € D, «(0) C R", where ry is the

same as the one mentioned in Theorem 1.3,

r0/ MG

uk (x) = itk (x) + ad* (x),
where
uk () = (k) " ua (g, (1),
ik () = (b= ua«oxk(uax»
%% (x) = (1) 27U (g ().
Then, (4-6) implies that

. )|12 uk | dx = o(1) + &(R)).
i k YOz

4-7 /
Dr(O)\Uj—; D

R/)Lj
where ya = (,ua) @i (ya) Since {d}, (xa, ya)/u }aen is uniformly bounded
by Lemma 4.1, {j }aeN is bounded and there exists a subsequence, also denoted
by {ya} such that 7 — 7/ as @ — 400 for j = 1,...,s. Combining (4-7) with
)L{x/u’é — 0 as o — 400, we get

ii* > uk in L2 (Dr(0) \Y),
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asa—>+ooforY:{)7j}j )

=1

ik —>u* ae inR"

since R > 0 is arbitrary.

Also note that
[ o= [ do
Dk (x8) Dg(0) «
Mo

where 7% (x) = ((p;kiz)(u{f‘x). Then, uX — 0 as @ — +oo and u® € L2" (M, h)
yield that “

~0,k

%% -0, in L2 (Dg(0), |dx|?)

as @ — +00, SO
%% 0 ae. inR"

since R > 0 is arbitrary.

In particular, we have shown that u](j — u* almost everywhere on R” as o« — +00.
Note that u, is nonnegative by definition, so uz > 0 on R”. We conclude that
u¥ >0 on R". Then by the maximum principle, it follows that uk >0 in [R{’_'i_ﬂ.
Due to the previous arguments, uk is of the form Uf % for some Ag > 0 and a; € R",
where Ufk"' is as in (1-13). O

Appendix

We will prove the €°° estimates from the L°° estimates by the Harnack inequality.
The two important lemmas are given here.

Lemma A.1 [Gonzélez and Qing 2013]. Let R > 0 and u be a weak solution of

—div(y' "2 Vu) =0 in B}5(0),

A-8 .
(A-8) —limy—0 Y1727 dyu = f(x)u + g(x)[u|*> 2u on Dyg(0).

Here, f and g are smooth functions on D, g(0). Assume that
A= [u|? dx < oo.
D> r(0)
Then, for any p > 1, there exists a constant C, = C(p, A) such that
n+2—"2y

sup [ul + sup |ul < Co(R™ 7 ull,pgt on + R ZlllLrporoy)-
B;,f(o) D (0) (B, 1 (0))
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Lemma A.2 [Jin et al. 2014]. Let a(x), b(x) € 6*(D>(0)) for some 0 < a ¢ N and
letu € WI’Z(B;' (0), y1=2%) be a weak solution of

—div(y' "2 Vu) =0 in B3 (0),
—limy—0 Y1727 dyu = a(x)u + b(x) on D2(0).

If2y +a ¢ N, then u(-,0) is of €2YT*(D{(0)), and

(A-9)

luC-. 0)llc2r+ep, o)) = CUUll oo (g4 (0y) F I1Pllce(D20))

where C > 0 depends only onn, y, o, and ||a||¢e(p,(0))-
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K-THEORY AND HOMOTOPIES OF 2-COCYCLES
ON HIGHER-RANK GRAPHS

ELIZABETH GILLASPY

This paper continues our investigation into the question of when a homo-
topy of 2-cocycles on a locally compact Hausdorff groupoid gives rise to an
isomorphism of the K-theory groups of the twisted groupoid C*algebras.
Our main result, which builds on work by Kumjian, Pask, and Sims, shows
that a homotopy of 2-cocycles on a row-finite higher-rank graph A gives
rise to twisted groupoid C*-algebras with isomorphic K-theory groups. (The
groupoid in question is the path groupoid of A.) We also establish a tech-
nical result: any homotopy of 2-cocycles on a locally compact Hausdorff
groupoid G gives rise to an upper semicontinuous bundle of C*algebras.

1. Introduction

Higher-rank graphs, or k-graphs, provide a k-dimensional analogue of directed
graphs. They were introduced by Kumjian and Pask [2000] to provide a combi-
natorial model for the higher-rank Cuntz—Krieger algebras studied by Robertson
and Steger [1999]. Much of the interest in the C*algebras C*(A) associated to
k-graphs A stems from the multiple ways one can model C*(A)—the k-graph
A reflects many of the properties of C*(A), but we can also describe C*(A) as a
universal C*algebra for certain generators and relations, or as a groupoid C*algebra
C*(A) = C*(Gn)-

The class of groupoids includes groups, group actions, equivalence relations,
and group bundles. Renault [1980] initiated the study of groupoid C*-algebras, and
the theory and applications of groupoid C*algebras have since been developed
by many researchers. Given a 2-cocycle w € Z*(G, T) on a groupoid G, Renault
also explained how to construct the twisted groupoid C*algebra C*(G, w). These
objects have received relatively little attention until quite recently, but it has now
become clear that twisted groupoid C*algebras can help answer many questions
about the structure of untwisted groupoid C*algebras (see [Muhly and Williams
1992; Muhly et al. 1996; Clark and an Huef 2012; an Huef et al. 2011; Brown
MSC2010: 46L05, 46L.80.

Keywords: higher-rank graph, twisted groupoid C*algebra, K-theory, twisted k-graph C*-algebra,

upper semicontinuous C*bundle, Cy(X)-algebra, groupoid, 2-cocycle.
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and an Huef 2014]), as well as classifying those C*algebras which admit diagonal
subalgebras (also known as Cartan subalgebras) — see [Kumjian 1986]. In another
direction, [Tu et al. 2004] establishes a connection between the K-theory of twisted
groupoid C*algebras and the classification of D-brane charges in string theory.
Two recent papers have explored the effect of a homotopy {w; };¢[0,1] of 2-cocycles
on the K-theory of the twisted groupoid C*algebras. Echterhoff, Liick, Phillips, and
Walters showed in [Echterhoff et al. 2010, Theorem 1.9] that if G is a group that
satisfies the Baum—Connes conjecture with respect to the coefficient algebras K and
C([0, 1], K), and if {w};[0,17 1s @ homotopy of 2-cocycles on G, then the K-theory
groups of the reduced twisted group C*algebras are unperturbed by the homotopy

ey K.(CH(G, w0)) = K (C(G, 01)).

In particular, taking G = Z2, we obtain another proof of the fact, established by
Pimsner and Voiculescu [1980], that all of the rotation algebras {Ag}gc[0,1] have
isomorphic K-theory groups.

Kumjian, Pask, and Sims also studied the effect of a homotopy of 2-cocycles
on K-theory in [Kumyjian et al. 2013]. Theorem 5.4 of [Kumjian et al. 2013]
establishes that if A is a row-finite, source-free k-graph and c is a 2-cocycle
on A such that ¢c(A, u) = e**?*1 for some R-valued 2-cocycle o, then we have
K. (C*(A) = K. (C*(A, ¢)). Defining ¢; (A, ) = > %1 for t € [0, 1] gives us a
homotopy of 2-cocycles linking ¢ and the trivial 2-cocycle. Moreover, Corollary 7.8
of [Kumjian et al. 2015] tells us that C*(A, c) is isomorphic to a twisted groupoid
C*algebra C*(Ga, w.). Thus, we can view [Kumjian et al. 2013, Theorem 5.4] as
a result about homotopic 2-cocycles on groupoids.

Inspired by the above-mentioned results, we have begun exploring the question
of when a homotopy of 2-cocycles on a locally compact Hausdorff groupoid G
induces an isomorphism of the K-theory groups of the (full or reduced) twisted
groupoid C*algebras. In a previous article [Gillaspy 2015], we extended the above-
mentioned Theorem 1.9 of [Echterhoff et al. 2010] to the case when G = G x X is
a transformation group, where X is locally compact Hausdorff and G satisfies the
Baum-Connes conjecture with coefficients.

We prove the following generalization of [Kumyjian et al. 2013, Theorem 5.4].

Theorem 4.1. Let A be a row-finite k-graph with no sources and let {c;}:c[0,1] be
a homotopy of 2-cocycles in Z*(A, T). Then {c:};c0.1] gives rise to a homotopy
{0¢,}iel0,17 of 2-cocycles on G such that

K*(C*(gA, aCo)) ; K*(C*(QA, Ucl))-

As of this writing, we are unaware of any examples of groupoids G and homo-
topies w = {wy}s¢[0,1] of 2-cocycles on G where the homotopy does not induce an
isomorphism of the K-theory groups of the twisted groupoid C*algebras.
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Outline. This paper begins by recalling the definitions of a higher-rank graph and of
a groupoid in Section 2, as well as the definition of a 2-cocycle in each category, and
sketching the procedure by which we can construct a C*algebra from these objects.
In Section 3 we define a homotopy of 2-cocycles on a k-graph and on a groupoid,
and show that the definitions are compatible. We also prove a technical result
(Theorem 3.3), namely, that a homotopy {w };¢[0,1] of 2-cocycles on a groupoid G
gives rise to a C ([0, 1])-algebra with fiber algebra C*(G, wy) at ¢ € [0, 1]. We expect
that this result will prove useful in future work, as we search for more classes of
groupoids where a homotopy of 2-cocycles induces an isomorphism of the K-theory
groups of the twisted groupoid C*algebras.

In Section 4 we begin the proof of Theorem 4.1. Our proof technique consists
of proving a stronger version of Theorem 4.1 in a simple case, and then showing
how to use this simple case to obtain our desired result for general k-graphs. To
be precise, Proposition 4.2 shows that when the degree map d on A satisfies
d(A) = b(s())) — b(r(r)) for all A € A, the C([0, 1])-algebra associated to a
homotopy of 2-cocycles on A is actually a trivial continuous field. We then show
how to exploit the triviality of the continuous field in this special case to see that
a homotopy of 2-cocycles on any row-finite, source-free k-graph A induces an
isomorphism K,(C*(A, ¢g)) = K.(C*(A, c1)). The argument closely parallels
Section 5 of [Kumyjian et al. 2013].

2. Groupoids and k-graphs

Definition 2.1 [Kumjian and Pask 2000, Definition 1.1]. A higher-rank graph of
degree k, or a k-graph, is a nonempty countable small category A equipped with a
functor d : A — N (the degree map) satistying the following factorization property:
Given a morphism A € A with d(A) = m + n, there exist unique i, v € A such that
A=puv, d(u) =m,and d(v) = n.

The simplest example of a k-graph is N, equipped with the identity morphism
id : Nk — Nk,

In this article we use the arrows-only picture of category theory, so that we think
of the objects of a category A as identity morphisms. Hence, A € A means that A is
a morphism in A. Given an element A in a category A, write s(A) for the domain,
or source, of the morphism A, and write r(A) for its target, or range. We say a
k-graph A is row-finite if, for any v € Obj(A) and any n € N, the set

VA ={AeA:r(M)=v, d(A) =n)

is finite. We say A has no sources if vA" # & for every v € Obj(A) and every
n € NF. We only consider k-graphs which are row-finite and have no sources,



410 ELIZABETH GILLASPY

since these are the k-graphs which we can study via the groupoid method that was
introduced in [Kumjian and Pask 2000] and which we will explain in Section 2.

Definition 2.2 [Renault 1980, Definition I.1.12; Kumjian et al. 2015, Section 3]. For
a category A, let A*2 = {(A1, 1) € A x A :s(A1) =r(X2)}. A function ¢: A*? - T
is called a 2-cocycle on A if

2 c, pv)e(p, v) = cp, v)cd, k)

whenever (A, i), (u, v) € A*? and c(A, s(L)) = c(r(A),A) =1 forall A € A. We
write Z2(A, T) for the set of 2-cocycles on A.

If ¢, ¢ are two 2-cocycles on A, we say that ¢, ¢ are cohomologous if there exists
a function b : A — T such that

c(u,v):= b(u)b(v)b(uv)_lc(u, v) =8b(u, v)c(u,v) forall (u,v) e A2,

We note that cohomologous 2-cocycles give rise to isomorphic twisted C*algebras
(see [Kumjian et al. 2015, Proposition 5.6; Renault 1980, Proposition II.1.2]).

The only cocycles we consider in this paper are 2-cocycles, so we will occasion-
ally drop the “2” and refer to them simply as cocycles.

Definition 2.3 [Kumjian et al. 2015, Definition 5.2]. The twisted higher-rank-graph
algebra C*(A, c) associated to a k-graph A and a 2-cocycle ¢ on A is the universal
C*-algebra generated by a collection {s; },c of partial isometries satisfying the
following twisted Cuntz—Krieger relations:

(CK1) {sy}veobjca) is a collection of mutually orthogonal projections;
(CK2) susy =c(p, v)s,, whenever s(u) =r(v);

(CK3) sysp = s5(u) forall p € A;

(CK4) s, = ZMEUN sus;’; for all v € Obj(A) and all n € NK.

Note that every k-graph A admits at least one 2-cocycle: the trivial cocycle,
obtained by setting c(A, u) =1 for all (A, n) € A*2. In this case, the definition
above of C*(A, c) agrees with that of C*(A) given in [Kumjian and Pask 2000,
Definition 1.5]. For example, if A is N and c is the trivial cocycle, then we
have C*(A, ¢) = C(T¥). More generally, if A is N?, let ¢5 : A*> — T be given
by co((m, n), (j,k)) = ¥ Then ¢y is a 2-cocycle on A and C*(A, ¢p) is
isomorphic to the rotation algebra Ag.

Groupoids. In this section, we review the construction of a twisted groupoid
C*algebra set forth in [Renault 1980], as well as the procedure given in the
seminal article [Kumjian and Pask 2000] for associating a groupoid to a k-graph.
Theorem 3.3 applies to arbitrary locally compact Hausdorff groupoids, so we
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present in full generality all the definitions necessary for the construction of a
twisted groupoid C*algebra.

A groupoid G is a small category with inverses. We use the notation of [Renault
1980] to denote groupoid elements and operations; for example, G» C G x G
denotes the set of composable pairs and G denotes the unit space. If u € G,
we write

Gi={xeG:s(x)=u}, G'={xeG:r(x)=ul.

In this article, we restrict our attention to groupoids which admit a locally compact
Hausdorff topology in which the operations of composition (or multiplication) and
inversion are continuous.

In addition to the groupoids associated to k-graphs, examples of groupoids include
groups, vector bundles, and transformation groups. For details and examples, see
[Goehle 2009].

Given a row-finite, source-free k-graph A, Section 2 of [Kumjian and Pask 2000]
describes how to form the associated path groupoid Gy :

Definition 2.4 [Kumjian and Pask 2000, Example 1.7(ii)]. Define the k-graph €2 to
be the category with Obj(£2;) = N¥ and morphisms € = {(m, n) € N* x NK :n > m}.
We have r(m, n) =m, s(m,n) =n, d(m,n) =n —m. Composition in €2 is given
by (m, n)(n, £) = (m, £).

For a k-graph A, let A> denote the set of degree-preserving functors x : Q; — A.
When k = 1, the elements x € A* are the infinite paths in A.

Given p € NK, define 07 : A — A® by o?(x)(m,n) =x(m+ p,n+ p). When
A is row-finite and source-free, Proposition 2.3 in [Kumjian and Pask 2000] shows
that if A € A, x € A satisfy s(A) = x(0), there is a unique y € A* such that
@™ (y) = x; we often write y = Ax.

Definition 2.5 [Kumjian and Pask 2000, Definition 2.1]. Given a row-finite, source-
free k-graph A, the associated path groupoid G, is the groupoid associated to the
equivalence relation on A* of “shift equivalence with lag”. In other words,

Or i={(x,n—m,y) € A° xZF x A :n,m e N*, 0" (x) = o™ (y)}

and Q[(\O) = A%, withr(x, £, y) =x, s(x, £, y) =y and multiplication and inversion
in Gy given by (x, £, y)(y,m,z) = (x, £+ m, 2), (x, £, y)_1 =(y, —¢, x).

When A is a row-finite, source-free k-graph, Proposition 2.8 in [Kumjian and
Pask 2000] tells us that the sets

Z(p, v) = {(ux, d(n) —d ), vx) 1 x(0) = s(u) =s(v)}

form a basis of compact open sets for a locally compact Hausdorff topology on Gp
(in fact, with this topology G, is an ample étale groupoid).
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To build a C*algebra out of a groupoid G we start by putting a x-algebra structure
on C.(G), and to do this we need to integrate over the groupoid G. A Haar system
{XM},ego (the groupoid analogue of Haar measure for groups; see [Renault 1980,
Definition 1.2.2]) will allow us to do this. Unlike in the group case, one cannot
make existence or uniqueness statements about Haar systems for groupoids, so one
usually starts by hypothesizing the existence of a fixed Haar system. For example,
we obtain a Haar system {A*},ca~ on Gp by setting

X(E)=#{ecE:e=(x,n,y) for somen e Z*, y e A®}.
We will always use this Haar system on G, in this paper.

Definition 2.6. Let G be a locally compact Hausdorff groupoid equipped with
a Haar system {A'},c.g0 and a continuous 2-cocycle w. We define a *-algebra
structure on C.(G) as follows: for f, g € C.(G) let

frog@) = | flab)g(b Hw(ab, b~ dx @ (b),
g:(a}

ff@)=f@Hawla a™h).

From [Renault 1980, Proposition II.1.1] we know that the multiplication is well-
defined (that is, that f ., g € C.(G) as claimed) and associative, and that ( f*)* = f
so that the involution is involutive. The proof of associativity relies on the cocycle
condition (2).

Given the fundamental role that the cocycle w plays in the multiplication and invo-
lution on C,.(G), we will often write C.(G, w) to denote the set C.(G) equipped with
the x-algebra structure of Definition 2.6. We define C*(G, w) to be the completion
of C.(G, w) in the maximal C*norm, as described in Chapter II of [Renault 1980].

Definition 2.7. When G = G, is the groupoid associated to a row-finite k-graph A
with no sources, Lemma 6.3 of [Kumjian et al. 2015] explains how, given a cocycle
c € Z*(A, T), we can construct a cocycle o, € Z%(Ga, T). Then Corollary 7.8 of
[Kumjian et al. 2015] shows that C*(A, ¢) = C*(Ga, o.). The construction of o, is
rather technical, but since we will need the details later, we present it here.
Lemma 6.6 of [Kumjian et al. 2015] establishes the existence of a subset

PCH{Z(u,v):s(n) =s)}

that partitions G . In other words, every a € G, has exactly one representation of the
form a = (uax, d(g) — d(vy), vax) With Z(11g, ve) € P. Note that if (a, b) € G2,
we need not have p, = pqp or vy = v,5. However, given (a, b) € Q(z), Lemma 6.3(i)
of [Kumyjian et al. 2015] shows that we can always find y € A and o, B8,y € A
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such that
a= (uqay, d(jng) —d(va), vaay),
b= (upBy,d(up) —d(vp), vpBy),
ab = (Mabyya d(ﬂab) - d(Vah), Vabyy)-

Then, given a 2-cocycle ¢ on A, we define a 2-cocycle o, on Gp by

OC(a’ b) = C(/’La’ a)C(,LLb, IB)C(‘)ab’ V)C(Vav Ol)C(l)b, IB)C(I’Lab’ J/)

Since ¢ satisfies the cocycle condition (2), it’s straightforward to check that o,
does also. Lemma 6.3 of [Kumjian et al. 2015] checks that o, is well-defined and
continuous, so we can construct the groupoid C*algebra C*(Gy, o.) as outlined
above. Corollary 7.8 of [Kumyjian et al. 2015] tells us that C*(Gx, 0.) = C*(A, ¢).

Theorem 6.5 of [Kumjian et al. 2015] establishes that different choices of par-
titions P give rise to cohomologous groupoid cocycles, and hence to isomorphic
twisted groupoid C*algebras.

3. Homotopies of cocycles

In order to define a homotopy of groupoid 2-cocycles, we begin by observing that,
given any locally compact Hausdorff groupoid G, we can make G x [0, 1] into a
locally compact Hausdorff groupoid by equipping it with the product topology and
setting (G x [0, 1)@ =GP x]0, 1]. In other words, (G x[0, 1))@ =g x[0, 1] and

riy, )=y, 1), sy,t)=() 0.

Moreover, if G has a Haar system {A"}, .o, then setting - := X" for every 7 € [0, 1]
gives rise to a Haar system on G x [0, 1]. We will always use this Haar system on
G x [0, 1] in this paper.
Definition 3.1 [Gillaspy 2015, Definition 2.12]. A homotopy of (2-)cocycles on a
locally compact Hausdorff groupoid G is a 2-cocycle w € Z2(G x [0, 1], T). We
say that two cocycles wp, w; € Z2(G, T) are homotopic if there exists a homotopy
w e Z%(G x [0, 1], T) such that w; = w|gxyy fori =0, 1.

If w is a homotopy of cocycles on G linking wy, w;, Theorem 3.3 below tells us
that C*(G, wp) and C*(G, w;) are quotients of C*(G x [0, 1], w). This is fundamental
to the proof of our main result, Theorem 4.1.

Definition 3.2 [Williams 2007, Definition C.1]. Let X be a locally compact Haus-
dorff space. A C*™algebra A is a Co(X)-algebra if we have a *-homomorphism
O : Co(X) — ZM(A) such that

A =span{®(f)a: f € Co(X), a € A}.
We usually write f -a for ©(f)a.
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If A is a Co(X)-algebra, then, for any x € X, spanCy(X\x) - A is an ideal I,.
We call Ay := A/, the fiber of A at x € X.

Theorem 3.3. Let w be a homotopy of cocycles on a locally compact Hausdorff
groupoid G with Haar system {X'},cgo. Then C*(G x [0, 1], ) is a C([0, 1])-
algebra, with fiber C*(G, w;) at t € [0, 1].

Proof. We begin by checking that C*(G x [0, 1], w) is a C([0, 1])-algebra. For
feC(0,1]), ¢ € C.(G x [0, 1], w), define

fedla,t)= f(OH)d(a,1).
It’s not difficult to check that this action extends to a x-homomorphism
®:C([0, 1D — ZM(C*(G x [0, 1], ))
such that [|®(f)o| < | fllsoll®]l, or to check that
®(C([0, 1)) - Cc(G x [0, 1], w) = Ce(G % [0, 1], w)

is dense in C*(G x [0, 1], w). In other words, ® makes C*(G x [0, 1], w) into a
C ([0, 1])-algebra as claimed.

Fix t € [0, 1] and denote by ¢; : C.(G x [0, 1], w) — C.(G, w,) the evaluation
map. Then ¢, is bounded by the /-norm (see [Renault 1980, Section II.1]), and
hence extends to a surjective *-homomorphism g, : C*(G x [0, 1], w) — C*(G, w;).
In other words, C*(G, wy) is a quotient of C*(G x [0, 1], w). To see that C*(G, w;) =
C*(G x [0, 1], w);, we need to check that ker ¢, = I;. A standard approximation ar-
gument will show that ker g; 2 I;; thus, we will only detail the proof that ker g, C I;.

Note that the fiber algebra C*(G x [0, 1], w); = C*(G x [0, 1], w)/I; can be
calculated as a completion C.(G x [0, 1], w) with respect to the norm given by

Il :=sup{lIL(f)|l : L(I;) =0, L is an I-norm-bounded representation}.

Thus, to show that ker ¢, C I;, we will show that each such representation L factors
through ¢;.

Given such a representation L : C.(G x [0, 1], ) — B(#), define L": C.(G, w;) —
B(H) by L'(q:(f)) :=L(f). We claim that L’ is an /-norm-bounded representation
of C.(G, w;). To see this, it suffices to check that L’ is well-defined and bounded.

Lemma 3.4. If f, g € C.(G x [0, 1], w) satisfy q;:(f) = q;(g), then the function
h=f—geC.G x[0,1],w) lies in I,. Consequently, L(f) = L(g) and L’ is
well-defined on C.(G, wy).

Proof. Let {fi}ic; be an approximate unit for Co([0, 1]\#) such that fi(s) 71
for every s # t; moreover, suppose that for each i there exists a §; > 0 such that
fi(s) =1if |s —¢t| = §;. We will show that the /-norm ||k — f;h|; tends to O.
Consequently, & = 1lim; f;h in C*(G x [0, 1], w), so h € I,.
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For any k € C.(G x [0, 1], w), the axioms of a Haar system tell us that the
function (u, 1) > [ |k(a, t)|dA*!(a) is in Co(G® x [0, 1]). In particular, if we
take k to be a function that equals 1 where 4 is nonzero and vanishes rapidly off
supp A, this shows us that ¢ (u, t) := X' (supp k) is a pointwise limit of functions
in Co(G© x [0, 1]), and hence is bounded. Let K = max ¢.

Let € > 0 be given. Since / is compactly supported and since ki (a, t) = 0 for
all a € G, we can choose a § > 0 such that |h(a, s)| < €/K for all a € G whenever
|s —t| < 8, and we can choose a j such that i > j means §; < §. Then, if |s —¢| <4,

gu|h(a, s) — fi(s)h(a, s)|dN'(a) = (1 — fi(s)) /(;M|h(a, $)|dX¥(a) <1-e.

On the other hand, if |s —¢| > § > §;, then f;(s) =1 and
\h(a, s) — fi(s)h(a,s)|dX*(a) =0
gu

for any u € G, In either case, given any € > 0 we can always choose j such that
i > j implies
Ih = fikllr = maX{ sup  sup / |h(a, s) — fi(s)h(a, s)|dX(a),

s€l0,1] ueg©®

sup sup lh(a™',s) —ﬁ(s)h(a_l,s)ld)f’(a)} <e.
5€[0,11 ueg® Jge

Since ||h — fih| < ||h — fih|; and I; is closed, it follows that & € I; as desired, and
so L(h) =0. O

Having seen that L’ is well-defined, we now proceed to show that it is bounded.

Lemma 3.5. For any fixed f € C.(G x [0, 1], ®), the map s — ||qs(f)||1 is contin-
uous.

Proof. Fix f € C.(G x [0, 1], w) and fix ¢ € [0, 1]. As in the proof of Lemma 3.4,
let K denote the supremum of the function (u, s) — A“*(supp f). Since f has
compact support, given € > 0 we can choose a § such that

s —tl<d=|f(a,t)— f(a,s)| < % forall a € G.
Now, by definition of the 7-norm, there exists a u € G such that either
lacHlls < [ 7@l @+
gu

or

las (Pl </ Fla™ 9l dx @) + 5.
gu
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It follows that either

Ilqs(f)||1<f If(a,t)|+%d?~”(a)+ </ |f(a, D) dX (a) +€
gu

or
las (I </ @ Dl 55 di @)+ </ @, Dl di @) +e.

Thus,
lgs (I <maX{ ; |f(a,t)|dX (a), g If(a_l,t)ldk“(a)}Jre

SmaX{ sup | [f(a,0)|dX(a), sup If(a_l,t)ld/\”(a)}-i-e
ueg® Jg ueg® Jgu

= llg: ()1 +e€

if |s —#] < §. Reversing the roles of s and ¢ in the above argument tells us that

ls—tl < 8= [lgs (Ol — g (O] <e. O

Now we can finish the proof of Theorem 3.3. Set S; = {y € C([0, 1]) : ¥ (¢) = 1}.
For any ¢ € §; and any f € C.(G x [0, 1], w), we have

IL@ - O =IL"(q: W - fOI= IL @ (Il

Consequently,

IL" (q: (DI :ﬁfs ILW - DIl < igflllﬁ fllr

:igfmax{ sup sup /|1ﬁ(s)f(a,s)|dk”(a),

s€[0,1] ueg©®

sup sup / IW(S)f(a‘l,S)Id?»“(a)}

s€l0,1] ueg©®
_1$f sup llgs(¥ - 1.

s€[0,1]

Let € > 0 be given. Choose a § such that |s —¢| <5 = |||qs(f)||1—||qt(f)||1| <e€;
choose . € C([0, 1]) such that ¥ (¢) =1 and |s — | > § = ¥(s) =0. Then, since
ve € S;, we have

3 Mas@We- Hllr = e las(Hllr < Ve Ulg: (7 +€) < llg: (Hll1 +€

if |s — ]| < §; otherwise we have ||gs (V¢ - f)|; =0, and (3) still holds.
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Since we can find such a V. for any € > 0, it follows that

IL (g ()N < inf sup llgs(¥ - H)llr <infsup llgs(Pe - 7
VES: sef0,1] €

= infllg,(Hllr +e=llg: (Ol

The fact that g, is onto now tells us that L’ is a bounded representation of C.(G, w;)
as claimed. In other words, every representation L of C.(G x [0, 1], w) that kills [;
also factors through ¢;, so kerg; € I;. This completes the proof that the fiber
algebra C*(G x [0, 1], w)/I; of the C([0, 1])-algebra C*(G x [0, 1], w) is simply
C*(G, wy). U

In order to apply Theorem 3.3 to a homotopy of cocycles on a k-graph, we first
need to define such a homotopy. Unlike for groupoids, there is no obvious way
to make A x [0, 1] into a higher-rank graph, so our definition of a homotopy of
k-graph cocycles will look rather different than Definition 3.1 above. However,
Proposition 3.8 below shows that the two definitions are compatible.

Definition 3.6. Let A be a k-graph. A family {c;};¢[0,1 of 2-cocycles in Z* (A,
is a homotopy of (2-)cocycles on A if for each pair (A, ) € A*? the function
t — ¢;(A, u) € T is continuous.

Definition 3.7. Let {c,};c[0.1) be a homotopy of cocycles on a k-graph A. Define
w € Z*(Ga x [0,1], T) by

w((a,1), (b, 1)) =0 (a, b),
where o, is the cocycle on G, associated to ¢; as in Definition 2.7.

A moment’s thought will reveal that w satisfies the cocycle condition (2), since
each o, is a cocycle. Thus, in order to see that w is a homotopy of cocycles on Ga,
we merely need to check that @ : (Ga x [0, 1)® — T is continuous.

Proposition 3.8. The cocycle w described in Definition 3.7 is continuous, and
hence is a homotopy of groupoid cocycles on Gy.

Proof. We will show that if {(a;, b;, t;)}ier € gf) x [0, 1] is a net which converges
to (a, b, t), then

4 w((ai, 1;), (bi, 1;)) == o, (ai, bj) = o¢, (a, b)

for large enough i. Recall from Definition 2.7 that o, (a, b) is a finite product
of terms of the form c; (i, v) and their inverses, where the elements p, v depend
only on the elements a, b and on the choice of partition P of G, — but not on the
2-cocycle ¢;,. Thus, (4) and the continuity of the maps ¢ — ¢,(u, v) will imply that
w((ai, t;), (bi, 1)) — o¢,(a, b) = w((a, 1), (b, 1)).
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In what follows, we use the notation of Definition 2.7. If (a;, b;, t;) — (a, b, 1),
then, for large enough i, we have a; € Z(u4, va), bi € Z(up, vp), and in addition
aib; € Z(ap, vap). In other words, we can write

a = (uqoty,d(ia) —d(a), vaay), ai = (Uatiyi, d(ha) —d(Va), Vai i),
b= (upBy,d(up) —dp), vBy), bi = (upBiyi, d(p) —d(vp), vpBiyi),
ab = (,uabyy’ d(ﬂab) - d(Vah)’ Vabyy)’
aibj = (Uap¥iyi> d(ap) —dWab), VabVi Vi)

for some «, B, v, o, Bi, i € A and y, y; € A®.

Since a@; — a we must also have «;y; — ay in A®°. Thus, for large enough i,
o;yi € Z(a) :={ay:y € A, y(0) = s(a)} (see Proposition 2.8 of [Kumjian and
Pask 2000]). It follows that

a; = (aoy;, d(ia) —d(va), vay)),  bi = (upPz;, d(wp) —d(vp), vpBz;)

aib; = (Lapy Wi, d(fap) — d(Vap), Vapy w;),

where (since each pair (a;, b;) is in g}f) by hypothesis)
Vaay,{ = MbﬂZ;, MNY,f = Mabwa, Vb,BZ; = Vabywz/"

Now, v,a = pupB by [Kumjian et al. 2015, Lemma 6.3], and thus y/ = z;. A
similar argument gives z; = w; as well, so y/ = z; = w!. In other words, for large
enough i,

UC,]. (aia bl) = cl‘i (Ma ) a)cl,' (/J'bv ﬂ)cl‘i (Vabv V)Cl‘,' (Va ) O()Ctl- (Ub’ ﬂ)ct,‘ (l‘l’ab? )/)
= O—C,i (a’ b)v
as claimed. As observed in the first paragraph of the proof, it now follows that w is
a homotopy of cocycles on G as desired. (]

Corollary 3.9. Let {c;} be a homotopy of cocycles on a k-graph A, and define
a cocycle w on Gp x [0, 1] as in Definition 3.7. Then C*(Gp x [0, 1], w) is a
C ([0, 1])-algebra with fiber algebra C*(Gy, o.,) = C*(A, ¢;) at t € [0, 1].

Proof. Proposition 3.8 tells us that w is a homotopy of cocycles on G5. Theorem 3.3
tells us that the fiber over ¢ € [0, 1] of the C([0, 1])-algebra C*(Gp x [0, 1], )
is C*(Ga, o¢,). The final isomorphism is provided by Corollary 7.8 of [Kumjian
et al. 2015]. O

4. The main theorem

Theorem 4.1. Let A be a row-finite k-graph with no sources and let {c;};e[0.1] be a
homotopy of cocycles on A. Then

K. (C*(A, co)) = K (CH(A, c1)).
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Moreover, this isomorphism preserves the K-theory class of the vertex projection s,
for each v € Obj(A).

We begin by proving a stronger version of Theorem 4.1 in the simpler case when
the degree functor d satisfies d(A) = §b(A) := b(s(A)) — b(r (1)) for some function
b : Obj(A) — Z*; this is Proposition 4.2 below. We then combine Proposition 4.2
with techniques from [Kumjian et al. 2013] to prove Theorem 4.1 in full generality.

The AF case. If (A, d) is a k-graph such that d = §b, then Lemma 8.4 of [Kumjian
et al. 2015] tells us that C*(A, c¢) and C*(A) are both AF-algebras, with the same
approximating subalgebras and multiplicities of partial inclusions. Consequently,
C*(A,c) = C*(A). In order to fix notation for what follows, we describe this
isomorphism in some detail.

Lemma 3.1 of [Kumjian and Pask 2000] shows that if A is a row-finite, source-
free k-graph, then {sks; : s(A) = s(u)} spans a dense *-subalgebra of C*(A).
Moreover, when d = §b, Lemma 5.4 of [Kumjian and Pask 2000] tells us that
{sAsZ :b(s(A)) =b(s(n)) = n} forms a collection of matrix units for the subalgebra

Ay = Spaifs;sy, 1 b(s () =bs(w) =n) = P K(E6™' ).
b(v)=n
Observe that we can think of A, as a subalgebra of C*(A) or of C*(A, ¢). In fact,
these subalgebras allow us to exhibit C*(A, ¢) and C*(A) as AF-algebras:
C*(A,c) =lim(A,, ¢,,,,) and C*(A)=1im(A,, dn.n),

where the connecting maps @ n, ¢y, , : An = Ay are given by

G nsis)= Y e, 0)c(t, @)8iasy.

r(a)=s(})
b(s(a))=m

‘pm,n(s)wg*) = sAaS*a-
n n

r(a)=s(})
b(s(a))=m

We can now describe explicitly the isomorphism C*(A, ¢) = C*(A). As in
Theorem 4.2 of [Kumjian et al. 2013], write 1 for (1,...,1) € N¥, and define
k:A—Tby

il dy) #1,
Kk(A) =
k(w)e(u,a) d(oe)=1and A = .

For n € Z¥, let U, = Zb(s(/\)):n k(X)ss5 € U(M(Ay)). A quick computation will
show that, for any A, u with sAsZ €A,

5) Ad Uy (s357,) = k (WK ()25,
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Moreover, the factorization property tells us that, for any % € Z,

Br1y1.n1 © AdUnt = Ad Ugn41)1 © Pn1)1.01-

In other words, Ad U, intertwines the connecting maps ¢
implements the isomorphism C*(A) — C*(A, c¢).

We can now use this isomorphism to prove that a homotopy of cocycles on A
gives rise to a trivial continuous field when d = 6b.

®m.n, and hence

c
m,n>

Proposition 4.2. Let (A, d) be a row-finite, source-free k-graph such that d = 5b
for some function b : Obj(A) — ZF, let {c;},c[0.1] be a homotopy of cocycles on A,
and let w be the cocycle on Gy x [0, 1] associated to {ct}:e[0,17 as in Definition 3.7.
We have an isomorphism of C(|0, 1])-algebras

C*(Ga x 10, 1], ) = C*(Ga x [0, 1]) = C([0, 1]) ® C*(A).
Proof. Recall that
C*(Ga x 10, 1]); = C*(Ga, 0,) = C*(A, ¢1) =CH(A)

if d = §b. Thus, the C([0, 1])-algebras C*(Gx x [0, 1], ) and C([0, 1]) @ C*(A)
have isomorphic fibers over each point ¢ € [0, 1].

In order to prove the proposition, we need to show that these isomorphisms
C*(Ga, 0¢,) = C*(A) vary continuously in ¢, so that they patch together to give us
an isomorphism of C ([0, 1])-algebras C*(Gp x [0, 1], w) = C([0, 1]) ® C*(A).

For each t € [0, 1], let 7" : C*(A, ¢;) = C*(Ga, 0,,) denote the isomorphism
described in Theorem 6.7 of [Kumjian et al. 2015]. Let 7 : C*(A) — C*(Ga)
denote the equivalent isomorphism for the case of a trivial cocycle c¢. For each
n € 7*, write U/ for the unitary U/ : A, — A, associated to the cocycle ¢; as above.
Setting

U, =" o AdU o ™!

consequently gives an isomorphism of C*algebras W; : C*(Go) — C*(Ga, o¢,).
We claim that W := {W,},¢[0,1] defines an isomorphism of C ([0, 1])-algebras

W C*(Gp x [0, 1]) = C*(Ga x [0, 1], w).

In order to prove this assertion, we begin by writing down an explicit formula for ¥,
on the characteristic functions 1z, ) € Cc(Go) where Z(u, v) € P and where P
is the partition of Gp described in Lemma 6.6 of [Kumjian et al. 2015].

Recall that the value of o, (a, b) depends only on the sets Z(u, v) € P con-
taining the points a, b, and ab in Gy. Moreover, the proof of [Kumyjian et al.
2015, Theorem 6.7] establishes that, if 17, ., denotes the characteristic function
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on Z(u,v) C Gy, and if we write a € Z(u, v) as a = bd where b € Z(i, s(i)),
de Z(s(v), v), then

nt(susj)(a) = IZ(M,V)(a)Gc, (b, d)ac, (d_l, d) = IZ(;L,V)(a)Uc, (bd, d_l)-

In addition, we have Z(u, s(u)) € P for all u € A by Lemma 6.6 of [Kumjian
et al. 2015]. If we also have Z(u,v) € P, then the elements «, 3, y in the
formula for o, (bd, d~") given in Definition 2.7 are all units, so, for any ¢, we
have o, (bd, d~') = 1 by our hypothesis that any cocycle c satisfies the equality
c(A,s())) =c(r(A), A) = 1. Thus,

Z(u,v)eP=7"(sps)) =1z = Vil z(u) = ke (ke (V) 1 200

Now observe that each f € C.(Gy x [0, 1]) can be written as a finite sum
fla,t) =73,y fi(a, 1), where, for all i, we have f; € C(Z(u;, v;) x [0, 1]) and
Z(ui, vi) € P. Consequently, on C.(Gp x [0, 1]), our map ¥ becomes

6) ‘I’(Z ﬁ)(a, H=Y Wi, )@ =) kiu)k ) fila, );

ieN ieN ieN
the fact that all the sums are finite implies that W takes C.(Gp x [0, 1]) onto
Ce(Ga x [0, 1]).

Since W is evidently C([0, 1])-linear and is a x-isomorphism in each fiber,
Proposition C.10 of [Williams 2007] tells us that W is norm-preserving. Moreover,
W is a x-homomorphism since the operations in C.(Gp x [0, 1]) preserve the fiber
over t € [0, 1], and each ¥, is a x-homomorphism.

In other words, W extends to an isomorphism of C ([0, 1])-algebras

W C*(Gp x [0, 1]) = C*(Ga x [0, 1], w).

A straightforward check will establish that the identity map on C.(Gx x [0, 1])
induces an isomorphism id : C*(Gp x [0, 1]) — C([0, 1], C*(Gp)) of C([0, 1])-
algebras; the isomorphism C*(Gy) = C*(A) of [Kumjian and Pask 2000, Corollary
3.5(i)] now finishes the proof. U

Remark 4.3. Note that ¥ induces an isomorphism & : C([0, 1]) ® C*(A) —
C*(Ga x [0, 1], w) as follows. If Z(u,v) € P and f € C([0, 1]), then

(7) O(f ®5us)(x, 1) = £ 20,0 Ok, (1)k; (V).

Remark 4.4. Since evaluation at ¢ € [0, 1] induces a homotopy equivalence between
C([0, 1], C*(A)) and C*(A), the isomorphism established in the previous propo-
sition implies that evaluation at ¢ also induces a homotopy equivalence between
C*(Ga x [0, 1], ®) and its fiber algebra C*(Gx, o.,) when d = 8b.
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To leverage Proposition 4.2 into the proof of Theorem 4.1, we will use the
skew-product k-graphs A xg Z.

Definition 4.5 [Kumjian and Pask 2000, Definition 5.1]. Given a k-graph (A, d),
the skew-product k-graph A x4 Z* is the set A x Z*, with the structure maps

r(A,n)=00),n), si,n)=>6R),n+d)), dAi,n)=d),

and with multiplication given by (A, n)(u, n +d(A)) = (A, n) for (A, w) € A2,

Observe that the function b : (A x4 Z5)@ = A© x 7k — 7* given by b(v, n) =n
satisfies 8b = d on A x4 Z*. Moreover, if A is row-finite and source-free, then so
is A x4 Z*.

We can now complete the proof of Theorem 4.1.

Proof of Theorem 4.1. Let ¢ : A x4Z* — A be the projection onto the first coordinate:
¢ (A, n) =A. A cocycle c on A induces a cocycle c o ¢ on the skew-product k-graph
A xg7F:

cod((hn), (1, n+d()) =, )

whenever (A, () € A*2. Note that if {ct}ie0.17 1s @ homotopy of cocycles on A then
{c; o ¢}, is also a homotopy of cocycles on A x4 Z*.

If w is the homotopy of cocycles on G, 7+ associated to the homotopy {c;}/¢0,1
of cocycles on A, then Proposition 4.2 tells us that

C*(Gaxyze X 10,11, @) = C([0, 1) ® C*(A x4 7).
Now we define an action of Z* on C([0, 1]) ® C*(A x4 Z*) by setting

(8) f QSpn-m = f & S, ntm-

To see that this formula gives a well-defined action of 7% on C ([0, 1) QC*(A x47%),
one checks first that, for each m € Z¥, the set {Samin:A€A, ne 7%} is a collection
of partial isometries satisfying the defining axioms (CK1)—(CK4) for C*(A x4 Z*).
Consequently, the universal property of C*(A x4 Z*) implies that, for each fixed
m € 7, the map Sy, H> Sy n+m determines a s«-homomorphism

oy 2 CH(A xg 78 — C*(A x4 75).

Each «,, is invertible with inverse «_,,; it follows that m — «,, defines a group
action of Z¥ on C*(A x4 Z%). Thus, (8) describes a well-defined action id ® « of Z*
on C([0, 1]) ® C*(A x4 Z*), given by m > id ® a,,,. The fact that the degree map
on A x4 ZF is a coboundary now allows us to combine the action id ®  with the
isomorphism @ : C([0, 1]) ® C*(A x4 Z*) — C*(Grx,z+ ¥ 10, 1], w) of Remark 4.3
to obtain an action 8 of Z* on C*(Gy w2t X [0, 1], w):

ﬁn(é(f®Su’ms:’m+d(ﬂ)_d(1}))) = @(id@an(f®Sﬂ,msim+d(m_d(‘,))).
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Moreover, since both id ® & and ® (and hence ) fix C ([0, 1]) by construction,
Lemma 5.3 of [Kumjian et al. 2013] tells us that the crossed product

C*(Grwyzt X [0, 1], @) x5 ZF = (C ([0, 11) ® C*(A x4 Z5)) Xidga ZF

is a C([0, 1])-algebra with fiber C*(Gy x,7¢, Oc,0) X g, ZF, where

Bn (@1 (S5t dy—d1)) = Pr@n (S metdoy-d)))

=k (WK (V)1 Z2((mn), v mnrd () —d1)))

whenever Z((,u, m+n), v,m+n+d(u)— d(v))) is in the partition P of Gy , 7
that we used in the proof of Proposition 4.2.

Recall that we have a homotopy equivalence g; : C*(Gy 7+ X [0, 1], @) —
C*(Gax 7+ 0c,). A computation will show that g, is equivariant with respect to the
actions S8, B; of Z¥; thus, Theorem 5.1 of [Kumjian et al. 2013] tells us that

) Ku(C*(Grruzt X [0, 11, @) x5 Z%) Z Ko(C*(Gp 25> Terop) Xp, ZY).
Thanks to Lemma 5.2 of [Kumjian et al. 2013], we know that
C* (A xa 25, ci 0 §) 1, 7~y C*(A, ¢),

where [, (s).n) = Si.n+m. TOo make use of this result, we need to show that g;
induces the action It on C*(A x4 Z*, ¢; o ¢).

Recall from the proof of Proposition 4.2 that 7/ (sy ) = 1 z(Ge.m).(sG).m-+s(0))>
since Z((A, m), (s(A), m + s(k))) € P always. Observe that

(10) C*(Grwyzt» Ocrop) X p, LN = C*(A xq ZF, ¢; 0 ¢) %, ZF,
where
VOn(am) = @) (BIa G (s2m))) = @) BIn (1 2(Gm). sym)))
= (") Bn (s ter W smy)) = () ™1 (P (0t (ke (W) 53.m)))
= (") (@i ke Wsaman)) = ) A2 Gmetn). (s mn))
= Sx,m+n-

It follows that the action (y;) induced by B; agrees with [, as desired. Now, the
Morita equivalence of Lemma 5.2 of [Kumjian et al. 2013] and (10) tell us that

(11) C*(Grxyz¢» Ocrop) X gy ZX ~mp CH(A, ¢1).
Combining (9) and (11) now yields

Ko (C*(A, ¢)) Z Ku(C* Gzt X [0, 1], @) 315 Z°)
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for any ¢ € [0, 1]. It follows that, if {c/};c[0,17 1S @ homotopy of cocycles on a
row-finite k-graph A with no sources, then, for any s, ¢ € [0, 1],

K. (C*(A, ¢) = K (CH(A, ).

It remains to show that this isomorphism preserves the K-theory class of each
vertex projection s,. Essentially, this follows because the cocycles ¢;, and thus the
functions «;, are all trivial on any v € Obj(A).

To be precise, let v € Obj(A) and define f, € C.(Z%, Ce(Grx,zx X [0, 1])) €
C*(Gpx,z+ % [0, 11, ®) xp Z* by

1 ae Z(v,O),(v,O) and n = 0,

1) =
fo(n)(a, 1) {0 else.
Then the projection g; x id(f,) of f, onto the fiber algebra C*(Gp 7+, @) X, 7k
is independent of the choice of ¢ € [0, 1]:

ae Z(v,O),(v,O) and n =0,

. 1
g: X 1d(fy)(n)(a) =
0 else,
for any ¢t € [0, 1]. Moreover, the isomorphism ®, : C*(A x4 Z*, ¢, o ¢) —
C*(Gnx 7%+ Oc,00) Of Remark 4.3 satisfies

(12) @; x1d(j (5w,0)) = ¢; X 1d(fo),

where j : C*(A x4 7%, ¢; 0 ¢p) — C*(A x4 7%, ¢, o ¢) x;; ZF is the canonical
embedding of C*(A x4 Z*, ¢; o ¢) into the crossed product.

The fact that the Morita equivalence C*(A, ¢;) ~yr C*(A Xq4 7%, ¢, 0 ) 3y, 7F
takes s, € C*(A, ¢;) to j(5@.0)) (see Lemma 5.2 in [Kumjian et al. 2013]) thus
implies that our K-theoretic isomorphism K, (C*(Gpy,z+ x [0, 1], @) xp 78 —
K. (C*(A, ¢;)), which is given by the composition of the Morita equivalence (11)
with the *-homomorphism

gr 2 id s C*(Gp 2t X [0, 11, @) x5 Z* — C*(Gu 20, 1) ¥p, ZF
= C*(A xq Z5, ¢ 0 9) %, ZF,

takes [ f;,] to [s,] for any v € Obj(A) and any ¢ € [0, 1]. Consequently, the isomor-
phism K,(C*(A, ¢;)) = K4«(C*(A, c5)) preserves the class of s,, as claimed. [

Remark 4.6. It’s tempting to think that, since C*(A xg Z*, c o ) = C*(A x4 Z¥)
and C*(A, ¢) ~ye C*(A xq Z*%, c o ¢) x; Z* for any cocycle ¢ on A, any two
twisted k-graph C*algebras should be Morita equivalent. This statement is false,
however (the rotation algebras provide a counterexample). The flaw lies in the fact
that the isomorphism Ad U, : C*(A x4 Z¥, co¢) — C*(A x4 Z") is not equivariant
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with respect to the left-translation action of Z, so the isomorphism
C*(A xg 7%, c o ) = C*(A x4 Z%)

does not pass to an isomorphism C*(A xg Z%, c o ¢) x;, 75 — C*(A x4 Z*) x;, 7*.
In other words, a K-theoretic equivalence of twisted k-graph C*algebras is the best
result we can hope for in general.

5. Future work

The standing hypotheses of this paper, that our k-graphs be row-finite and source-
free, are slightly more restrictive than the current standard for k-graphs. Thus, we
would like to extend Theorem 4.1 to apply to all finitely aligned k-graphs. Finitely
aligned k-graphs were introduced in [Raeburn and Sims 2005; Raeburn et al. 2004],
and it seems that they constitute the largest class of k-graphs to which one can
profitably associate a C*algebra. However, the Kumjian—Pask construction of a
groupoid G, associated to a k-graph A, which we described in Section 2 and which
we use throughout the proof of Theorem 4.1, only works when A is row-finite and
source-free. Farthing, Muhly, and Yeend [Farthing et al. 2005] provide an alternate
construction of a groupoid G which can be associated to an arbitrary finitely aligned
k-graph, and we hope that this approach will allow us to apply groupoid results
such as Theorem 3.3 to study the effect on K-theory of homotopies of cocycles for
finitely aligned k-graphs.
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FUSION PRODUCTS AND TOROIDAL ALGEBRAS

DENIZ KUS AND PETER LITTELMANN

We study the category of finite-dimensional bigraded representations of
toroidal current algebras associated to finite-dimensional complex simple
Lie algebras. Using the theory of graded representations for current al-
gebras, we construct in different ways objects in that category and prove
them to be isomorphic. As a consequence we obtain generators and relations
for certain types of fusion products, including the N-fold fusion product of
V (A). This result shows that the fusion product of these types is independent
of the chosen parameters, proving a special case of a conjecture by Feigin
and Loktev. Moreover, we prove a conjecture by Chari, Fourier and Sagaki
on truncated Weyl modules for certain classes of dominant integral weights
and show that they are realizable as fusion products. In the last section we
consider the case g = sl, and compute a PBW type basis for truncated Weyl
modules of the associated current algebra.

1. Introduction

Let g be a finite-dimensional complex simple Lie algebra with highest root 6. The
current algebra g[z] associated to g is the algebra of polynomial maps C — g;
equivalently, it is the complex vector space g ® C[t] with Lie bracket the Cl[t]-
bilinear extension of the Lie bracket on g. The toroidal current algebra g[¢, u]
associated to g is the algebra of polynomial maps C> — g and can be identified with
the complex vector space g ® C[¢, u] with similar Lie bracket. The Lie algebra g[t]
is graded by the nonnegative integers, where the r-th graded component is g ® ¢
and g[z, u] is bigraded by pairs of nonnegative integers, where the (r, s)-th graded
component is g®¢" u’. We are interested in the category of finite-dimensional graded
representations of g[¢] and finite-dimensional bigraded representations of g[¢, u].
The former category contains a large number of interesting objects, for example
local Weyl modules (see for instance [Chari et al. 2014b; Chari and Pressley 2001;
Fourier and Littelmann 2007; Fourier et al. 2012]), g-stable Demazure modules
(see [Chari et al. 2014c; Fourier and Littelmann 2006; 2007]) and fusion products.

This work has been partially supported by the DFG Priority Program SPP 1388 (Representation
Theory) and SFB/TR 12 (Symmetries and Universality in Mesoscopic Systems).

MSC2010: primary 17B67; secondary 17B10.
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The latter class of representations was introduced in a paper by Feigin and

Loktev [1999]: given finite-dimensional cyclic g[z]-modules Vi, ..., Vy with
cyclic vectors vy, ..., vy and a tuple of pairwise distinct complex numbers z =
(z1, ..., zn) one can define a filtration on the tensor product V? R Q® Vf\iv and

build the associated graded space with respect to this filtration. This space is called
the fusion product and is denoted by Vi'--- % V', where V* is a nongraded
glt]-module (see Section 3 for more details). The Feigin—Loktev conjecture states
that under suitable conditions on V; and v, the fusion product is independent of the
chosen fusion parameters z. This conjecture has been proved for several classes of
representations. For example it has been proved in [Chari and Loktev 2006; Chari
and Pressley 2001; Fourier and Littelmann 2007; Naoi 2012] that the fusion product
of local Weyl modules is again a local Weyl module and hence independent of the
chosen parameters. Other examples are fusion products of Kirillov—Reshetikhin
modules (see [Ardonne and Kedem 2007; Kedem 2011]) and fusion products of
g-stable Demazure modules (see [Chari et al. 2014¢; Fourier and Littelmann 2007;
Kus and Venkatesh 2014]).

Another interesting class of g[¢]-modules comprises those which are obtained
as fusion products of finite-dimensional simple g-modules, where a g-module V
is made into a g[¢]-module by requiring (g ® rC[¢]) V = 0. Hence for any tuple
(A1, ..., Ayn) of dominant integral weights the fusion product V2! (A1)*- - - V¥ (Ay)
can be defined and studied. For these types of representations the Feigin—Loktev
conjecture has been proved in the case of sl, and in some other special cases (see
for instance [Chari and Venkatesh 2015; Feigin and Feigin 2002; Feigin et al. 2004;
Ravinder 2014]). Moreover, in the case of sl, a presentation for the fusion product
V(ky) *---% V(ky) has been established in terms of generators and relations of the
enveloping algebra (see [Chari and Venkatesh 2015; Feigin and Feigin 2002]) and a
PBW type basis has been computed [Chari and Venkatesh 2015]. An easy calculation
shows that the aforementioned presentation can be greatly simplified if the highest
weights are equal. In particular, V(k) % --- % V(k) is a cyclic U (sl>[¢])-module
generated by a vector v subject to the same relations as the highest weight vector of
the local Weyl module Wi, (kN) with the only additional relation (sl, ® Ny =0.

This paper is motivated by the idea of generalizing the above observation for
arbitrary g: Is the fusion product VZ' () * - - - x VZ¥()) independent of the fusion
parameters for arbitrary g? Is there a simple presentation considered as a U (g[¢])-
module? Is the truncated Weyl module W(N X, N) realizable as a fusion product?
For the definition of truncated Weyl modules see Section 4A. In this paper we
give a positive answer to these questions. Our approach is based on the theory
of finite-dimensional bigraded modules for the toroidal current algebra g[¢, u]. In
particular we construct an associated graded version of a g-stable Demazure module
gr,v T(¢, N) and a bigraded version of a fusion product D* (¢, €A) - - -xD" (€, £A) %
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D¥(¢, €A + A0) (for the precise definitions see Sections 3C and 3D) such that the
zeroth graded space (with respect to the u-grading) of the second construction is
isomorphic to the fusion product of finite-dimensional simple g-modules. Our first
result is the following; for the precise definition of the ingredients see Section 3.
We remark that if A’ # 0, then the Lie algebra g is assumed to be classical or Go;
for A0 = 0 there is no restriction on g.

Theorem. Let ¢ € N, A be a dominant integral coweight and A\° be a dominant
integral weight such that \°(0) < €. We have an isomorphism of U (glt, u])-
modules

grv T(0, N) =D (€, €)% - - - x DU (€, €x) % D (£, LA + 19).

Our second result gives a connection to truncated Weyl modules, where the first
part is a direct consequence of the previous theorem and the second part proves a
special case of a conjecture by Chari, Fourier and Sagaki. Again for the precise
definition of the ingredients see Section 4A.

Theorem. Let ¢ € N, A be a dominant integral coweight and A° be a dominant
integral weight such that \°(8V) < £.

(1) The fusion product V(EL)*N =D « V(er + A0) is independent of the fusion
parameters.

) IfFA°0Y) <1 and |[NL+ 1% = N, then
WNA+A2, N) = V) VD x v+ 19).

As a special case of the previous theorem we can choose £ = 1 and A? = 0.
This yields that the N-fold fusion product of V(1) is independent of the fusion
parameters for any dominant integral coweight A. The second part of the theorem
shows that the N-fold fusion product of V (1) has a remarkably simple presentation.

In Sections 4C and 4D we deal with the case of sl, and prove that the truncated
Weyl module is realizable as a fusion product. Moreover, we compute a PBW
type basis for truncated Weyl modules which differs from the basis described
in [Chari and Venkatesh 2015, Section 6]. For the precise definition of the set
S(N=1, (k+1)7) see Section 4B.

Theorem. Let m € Z and writem =kN + j,0< j < N.

(1) We have an isomorphism of U (sl, @ C[t]/tN)-modules
Wm, N) Z V() N s vk + 1),
(2) A PBW type basis of W(m, N) is given by

{(—a ® DO+ (x_q @ NN 1wyy v | (o, -, iv—1) € SCNTT, (k+ 1))
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Our paper is organized as follows. Section 2 establishes the basic notation needed
in the rest of the paper. In Section 3, we construct in different ways two bigraded
modules and prove them to be isomorphic. As a consequence we obtain that the
fusion product is independent of the chosen parameters. In Section 4, we give some
applications regarding the conjecture on truncated Weyl modules and compute a
PBW type basis.

2. Preliminaries

2A. Throughout the paper C denotes the field of complex numbers, Z the ring
of integers, Z, the set of nonnegative integers and N the set of positive integers.
Given any complex Lie algebra a we let U (a) be the universal enveloping algebra
of a. Further, let a[#] be the Lie algebra of polynomial maps from C to a with the
obvious pointwise Lie bracket:

[X®f»)’®g]=[X,y]®fga X,y €aq, f,ge(C[t].

The Lie algebra a[¢] and its universal enveloping algebra inherit a grading from
the degree grading of C[7]; thus an element a; ® t"' - --a;, ®1t">, a; € a,r; € Z4 for
1 <j <s, will have grade r| +- - - +r;. We shall be interested in Z-graded modules
V =&,., VIs] for a[r].

2B. We refer to [Kac 1990] for the general theory of affine Lie algebras. Let g
be a finite-dimensional complex simple Lie algebra and § be the corresponding
untwisted affine algebra. We fix h C 6 Cartan subalgebras of g and g, respectively,
and denote by R the set of roots of g with respect to h and by R the set of roots
of g with respect to 6 The corresponding sets of positive and negative roots are
denoted as usual by R* and R*, respectively. We fix a basis A = {«y, ..., a,} for
R such that A = AU {ap} is a basis for R.Fora ¢ ﬁ, let " be the corresponding
coroot. We fix d € 6 such that ag(d) = 1 and «;(d) = 0 for i # 0; d is called the
scaling element and it is unique modulo the center of §. For 1 <i < n, define
w; € b* by w; (ajy) = §;,j for 1 < j < n, where §; ; is Kronecker’s delta symbol.
The element w; is the fundamental weight of g corresponding to «’. Let (-, -) be
the nondegenerate symmetric bilinear form on h* normalized so that the square
length of a long root is two. For o € Rt we set
2

dy, = , di=dy forl <i<n.
(o, )

The weight lattices P and P are the Z-span and 7 -span, respectively, of the
fundamental weights. The coweight lattice L is the sublattice of P spanned by the
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elements d;w;, 1 <i < n, and the subset L™ is defined in the obvious way. For
A € PT we define

M=) Ae) ey

i=1

2C. Given € R* let §, C § be the corresponding root space; note that §o C g if
« € R. For a real root @ we denote by x, a generator of g,. The element d defines
a Z-graded Lie algebra structure on g[¢]: for « € R we say that g, has grade k if

[d, xo] = kxo

or, equivalently, if a(d) = k. With respect to this grading, the zero homogeneous
component of the current algebra is g[¢][0] = g and the subspace spanned by the
positive homogeneous components is an ideal denoted by g[#],. We have a short
exact sequence of Lie algebras

0— glt]l+ — glt] ALY g— 0.

Clearly the pull-back of any g-module V by evq defines the structure of a graded
g[t]-module on V, and we denote this module by evj V.

2D. For A € P, denote by V(1) the simple finite-dimensional g-module generated
by an element v, with defining relations

N .
o, =0, o/v =AM, (x_6)" Ty =0, 1<i<n.

Itis well known that V(1) =V (u) if and only if > = u and that any finite-dimensional
g-module is isomorphic to a direct sum of modules V(1), A € P*. If V is an b-
semisimple g-module (in particular if dim V < 00), we have

V= V. V.={eV|hw=puhuv, heb)
ueb*
and we set wtV = {u € h* | V,, # 0}. By our previous comments, for any A € Pt
we obtain a graded g[7]-module evy V(1).
We also define the local Weyl module Wi, (A), which is a finite-dimensional
g[t]-module generated by an element w;, with defining relations

W w =0, (@ ®w, =8 0@ wr, (g ® Dy =0
Vs >0, 1 <i<n.
For more details regarding the theory of local Weyl modules see [Chari et al. 2014b;

Chari and Loktev 2006; Chari and Pressley 2001; Fourier et al. 2012; Fourier and
Kus 2013; Fourier and Littelmann 2007; Naoi 2012].
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2E. We recall a general construction from [Feigin and Loktev 1999]. Let U (g[¢])[k]
be the homogeneous component of degree k (with respect to the grading induced
by d) and recall that it is a g-module for all k € Z,. Suppose now that we are
given a g[f]-module V which is generated by v. Define an increasing filtration
0cV®c V! c... of g-submodules of V by

k
V=P U@llsiv.

s=0

The associated graded vector space gr V admits an action of g[#] given by
x(+VH) =xv+ VA x eglrls], ve VEHL

Furthermore, grV is a cyclic g[f]-module with cyclic generator v, the image of v
in gr V. Given a g[7]-module V and z € C, let V* be the g[¢]-module with action

CRNW=xQ(t+2))w, xe€g, weV, re”z,.

Starting with finite-dimensional cyclic g[#]-modules V1, ..., Vy with cyclic vectors
V1, ..., vy and a tuple of pairwise distinct complex numbers z = (z1, ..., Zy), the
fusion product is defined to be V¥ x - - - % V¥V :=gr(V' @ - - - @ V). It was proved
in [Feigin and Loktev 1999] that the tensor product V¥' ® - - - ® V¥ is cyclic and
generated by v; ® - - - ® vy. Clearly the definition of the fusion product depends on
the parameters z5, 1 <s < N. However, it was conjectured in that paper (and proved
in special cases; see [Chari and Loktev 2006; Feigin and Feigin 2002; Feigin and
Loktev 1999; Fourier and Littelmann 2007; Kus and Venkatesh 2014], for example)
that under suitable conditions on V; and vy, the fusion product is independent
of the choice of the complex numbers. In this paper we cover another class of
representations, where the construction of the fusion product is independent of the
parameters. To keep the notation as simple as possible we almost always omit
the parameters in the notation for the fusion product and write V| - - - % Vy for
Vs x VYL
1 N

3. Filtrations and bigraded modules

The aim of this section is to construct two finite-dimensional bigraded modules in
different ways and prove them to be isomorphic. The advantage of this construction
is that a comparison of the zeroth graded components leads to a realization of the
fusion product associated to rectangular partitions.

3A. Let us start with our first construction. Let A € PT and £ € N. The g-stable
Demazure module D(£, A) is a finite-dimensional submodule of a level £ highest
weight representation for the affine algebra §. For these representations, generators
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and relations are known if we consider them as U (g[¢])-modules; see [Fourier and
Kus 2013; Fourier and Littelmann 2007; Mathieu 1988] for more details. We remark
that these relations are greatly simplified for Demazure modules for untwisted affine
algebras in [Chari and Venkatesh 2015] and for twisted affine algebras in [Kus and
Venkatesh 2014]. For instance, one can use these simplified relations to see directly
that level one Demazure modules are isomorphic to local Weyl modules for simply
laced affine algebras and twisted affine algebras, initially proved in [Fourier and
Littelmann 2007] and [Chari et al. 2014b; Fourier and Kus 2013], respectively. We
recall the simplified presentation of g-stable Demazure modules. Write

(B-1)  ABY)=(pg—Ddst+mg, 0<mg<dgt, for f € R

Proposition 3.1. The Demazure module D(€, L) is isomorphic to the cyclic U (g[t])-
module generated by a vector v # 0 subject to the following relations:

(3-2) ntlv=0, (h@r)v=248r(h)v Vhebh, s>0,
(3-3) (g @ DMy =0, (x_p@tP)v=0 VBeR",
(3-4) x_p® P~ ymstly — 0 VB e RT such that mp < dgl.

We can decompose D(¢, A) into simple finite-dimensional g-modules. We remark
that the vector v in Proposition 3.1 corresponds to the highest weight vector of
evy V(1) in the g-module decomposition of D(¢, A). We call it a highest weight
vector of the module.

3B. We are concerned with Demazure modules of the form D(¢, £NA' +10), where
Al e LT and A% € P such that A°(0Y) < £. For the rest of this paper we assume
that either \° = 0 and g is arbitrary or A° # 0 and g is of classical type or Go. By
the results of [Chari et al. 2014¢; Fourier and Littelmann 2007], the Demazure
module D(¢, £NA! 4 A%) is isomorphic to the fusion product of N — 1 copies of
the Demazure module D(¢, €A') with D(¢, €A1 + 19):

(3-5) DU, (NA +20 =D, ealy x---x D, A xD(e, ex! +2.9).

This decomposition holds for all fusion parameters z = (z1, . .., zy) with z; # z; for
all i # j. We emphasize that the restriction on g is only made because (3-5) is not
proved for the remaining exceptional Lie algebras if A° is nonzero. In other words,
our results are applicable whenever we have such a fusion product decomposition.
We will need the following lemma.

Lemma 3.2. Let B8 be a positive root and A € PT. We write § — 8 = Zj yjasa
sum of positive roots. Then we have

AMBY)B, B) <A(O7)(6,0)  with equality if and only if A(y;) =0 V.
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Proof. Since X is a dominant integral weight we have A(B8") > 0 for a positive root
B. We obtain

=(5+Zw) PN +Z(y”y’) v
J

which gives

M(6¥)(0.0) = (B. LB+ D (i v)A)) = (B. BIABY).
J

Note that equality is only possible if A(y jv) =0 for all j, since (y;,y;) >0. [0

By Lemma 3.2 and Equation (3-3) of Proposition 3.1 we get the following result.
Corollary 3.3. (x_p ® t*' @FDNYyy = 0 for all roots B € R

Proof. Write (¢NA! +29)(BY) as in (3-1). Since A! € LT we have mg = dgt if
20(BY) =0and mg = A°(B") else. Then (x_g ® t#)v =0 and

)\’1 \Y )\‘0 Y —m
pp = NHBD | KB —mg
dg dgl

+1<NQOY)+ ). 0

Hence D(¢, ¢(NAL +20) is a U(g ® C[¢]/t* @)DV module.
3C. We define a decreasing filtration on U (g ® C[¢]/¢*' @)+DN)

To(N) 2T (N) 2Ta(N) 2 -+ -,
with
To(N) = U(g@Clr]/1* @+,
T;(N) = (g®t"C[t) T;—1(N) for j>1,
and study the induced decreasing filtration on our Demazure module given by

D, ENA' 20 = To(N)v =:To(¢, N) 2T (N)v: =T (¢, N) 2Tr(¢{, N) 2 - - - .

To be consistent with the notation in [Feigin 2008], we refer to it as the N filtration.
Let gr,v T(N) and gr,~n T(¢, N), respectively, be the associated graded spaces

gry T(N) =To(N)/ Ti(N)®T(N)/ T2(N)D - - -
and

gy T(E, N) =To(€, N)/ Ti((, N) @T1 (£, N)/ To((, N) @ - - -

Since D(¢, ¢NA' 4+ 19) is a module for U(g ® C[t]/t(kl(ev)“w) we obtain that
gr,v T(¢, N) is a module for gr,y T(N). By the following lemma gr,» T(¢, N) is
also a module for the toroidal current algebra U (g ® C[z, u]/(t", u* @)+1y).
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Lemma 3.4. We have an isomorphism of algebras
W gry T(N) => U(g®Clr, ul /¢, ut @),
where W(x @ /N1 = x @ u/t® forx e gand 0 <s < N.

Proof. The map VW is clearly an isomorphism of vector spaces. In order to show
that this map is an algebra homomorphism, we have to check that the naive way of
defining W on a product of elements is well defined. Hence we will verify that

xutH(y®u'th) —(yRu't)(x @u't*) =[x, yl@u' T/t
holds on the right-hand side whenever we have
(]C ® t]N-i—Y)(y ® tiN+q) _ (y Q tiN+q)(x ® th+S) — [x, y] ® t(i+j)N+(x+q)

on the left-hand side. This is obvious for s + g < N. Otherwise the variables
xQu’/t* and y®@u't? commute in U(gQC[t, ul/(tV, ukl(‘gv)“)). By the definition
of the associated graded space we also obtain that the variables x ® /¥ ** and
y ® t'N*T4 commute in gr,v T(N) since on the one hand

x @MY (y @) — (y @ N (x @ N € Ty j(N)
and on the other hand
[x, y] @ tTHINFEHD e Ty i (V). O

3D. Now we present a quite different construction of the module gr,» T(¢, N).
In fact, it is one of the main results of this paper that the two constructions give
isomorphic modules. We start with the (N — 1)-fold tensor product of Demazure
modules D(¢, ¢A') with D(¢, £1! 4 A0). The gambit: we switch the variables and
consider now the current algebra g[u] which operates on the Demazure modules
D“(¢, £1"). We add the index u to emphasize that here the algebra g[u] is acting.
We extend the action trivially to g[¢, u] and denote the corresponding module by
D“(¢, £AY); i.e., g ® tC[t, u] acts trivially. Recall that we get a highly nontrivial
action of g[¢, u] when we consider fusion products of these modules with respect
to the variable ¢. The bigraded fusion product

(3-6) D" (€, eAY) x - - - x D*(€, £A1) x« D* (£, €A1 4+ 10)

is a cyclic module for the Lie algebra U(g ® Cl¢, u]/(tN, ukl(ev)“)). Note the
similarity but also the difference between (3-5) and (3-6). In (3-5) we consider the
fusion product (with respect to the variable ¢) of g[¢]-modules. The g[¢, u]-module
structure comes into the picture only by the filtration defined in Section 3C. We
would like to remind the reader that if A? # 0, then g is of classical type or G.
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Theorem 3.5. Let A! € LT and A° € Pt such that A°(0Y) < €. We have an
isomorphism of U(g ® C[t, ul/(t", ukl(ev)“))-modules

gr,y T(€, N) Z D€, €A1) - - -« DU(£, £A1) x D* (£, LAT + 20).

Proof. Let vz(N_l) * Vo be the highest weight vector of the right-hand side. The iso-
morphism between gr,y T(N) and U (g ® Clt, ul/(tV, ukl(ev)“)) (see Lemma 3.4)
induces a natural surjective map

grx T(N) = U@ @ Clt, ul/ (1Y, u* @+ o (0N s ).

It remains to prove that this map induces an isomorphism between the cyclic module
gr,v T(¢, N) and the fusion product. Since the dimensions of the modules coincide
it is enough to show that all relations which hold in gr,v T(£, N) also hold on the
right-hand side.

Recall that a presentation of gr,» T(¢, N) is given by two types of relations,
the ones coming from the presentation of the Demazure module and the ones
coming from going to the associated graded space with respect to the ¢V -filtration.
We start by proving that the defining relations of D(¢, £NA! 4 A0) given for v in
Proposition 3.1 are satisfied by vy * - - - % vg % vg. Since the relations (3-2) and the
first part of (3-3) are obviously satisfied it remains to verify the second part of (3-3)
and (3-4). Write ((NA! 4+ 10)(BY) as in (3-1). We start by proving that

G-7) (x_p@ut?) WiV Vs vg) =0, where pg = jgN +rg,0<rs <N.
Since A2(BY) < dgt, we have

_ {Nkl(ﬂv)dgl if 2(8¥) =0,
PN B 1 else.

In either case jg > A! (,BV)afﬂ_1 and thus (x_g ® u/#t"#)v, = 0 follows immediately
from the defining relations of D(¢, ¢A"). If rg # 0 we can replace % by (t — zy)"*
in the associated graded space and obtain that the element in (3-7) acts trivially on
vo. If rg =0, then pg is divisible by N, which forces AO(,BV) = 0. Therefore, in
this case we obtain jg = A8 V)d}gl, and (x_g ® u’)vy = 0 follows immediately
from the defining relations of D(¢, £A! + A%). It remains to consider the relations
(3-4). So suppose we have

le(ﬂv) N A0(BY) —mg
dg dgt

pﬂ—lz :j/gN—l-)”ﬂ, 051"ﬂ<N.

Since mg < dgt, we must have mg = 19(B8Y) # 0 and hence pp—1= Nkl(ﬂv)dgl.
It follows that jg = kl(ﬂv)dgl and therefore (x_pg ® u/#)v, = 0. So we have

(x,ﬁ ® ujﬁ)mﬁ-i-] (v;(N—l) " UO) — UZ(N—U * (Xfﬂ ® ujﬁ)mﬂ-H vy = 0.



FUSION PRODUCTS AND TOROIDAL ALGEBRAS 437

We now consider the relations coming from the ¢" -filtration. Suppose

moip,..., im e U(g ® C[t]/t()»(ev)-i-l)N)

is a linear combination of monomials with fixed " -degree such that w = Mv # 0
in D(¢, ¢NA! 4 10) but the image w = 0 in gr,v T(¢, N). This is only possible if
there exists a linear combination of monomials of greater t" -degree

r_ ’ piN+q Pt N+
M—Z Z k(m)zi ..... é’,g”f(x"l@’l D (xp, ®F )

i € U(g®Clrl/1*07HhN)
such that w = Mv = M’v in D(¢, £NA!' +19). We assume in what follows that M’
is of maximal #"-degree. We have (M — M')v = 0, so the difference M — M’ is an
element in the left ideal generated by the elements in (3-2)—(3-4). Since M’ is of
higher +"V-degree we get M — M’ = M in gr,x T(N), and since all defining relations
of D(£, ENA' +10) are satisfied by vZ(an xvg we get W (M) o (UZ‘(Nfl) x V) =0,
which shows that the natural surjective map

grn T(N) = U@ Clt, ul/ (1Y, ' @41y 0 (0N 7D s )

induces an isomorphism of cyclic modules gr,y T(¢, N) = D*(¢, €A) -+ - x
D" (£, £11) x D (€, £A) + A9). O

For the rest of this section we discuss a crucial consequence of our result.
Corollary 3.6. Let £ e N, A € Lt and 1° € P such that 1°(8V) < ¢.
(1) The fusion product D" (£, £\Y) % - - - x D (€, £A1) * D (€, £1) 4+ A0) is indepen-
dent of the fusion parameters.
(2) The fusion product V(ELH)*N =D« V(eA! 4+ 10 is independent of the fusion
parameters.

(3) We have an isomorphism of U(g ® C[t]/tN)-modules

VEAY N D s vea +1% =D, eNA +19) /(g V1) D, ¢N A 4 19).

@) IfA%(0V) < 1, the truncated level one Demazure module is isomorphic to the
truncated level £ Demazure module
D(1, (NA +29 /(g N Clr]) D1, ¢NA 4 19)
=D, ENA +29) /(g N C[r]) D, ENA +10).
Proof. Since the fusion product VEAH*N=D s v ea! +19) is isomorphic to the

zeroth graded component of D* (£, £A1) - - -« D (€, £A1) % D* (€, €Al + A0) (with
respect to the u#-grading) the statement follows from Theorem 3.5. U
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Remark. Theorem 3.5 generalizes a result of [Feigin 2008], where the theorem
was proved for £ =1, A° = 0 and A' = 6. Unfortunately, the proof in that paper
has a gap (personal communication by the author), which is now fixed by the proof
above. Ravinder [2014] used the result of [Feigin 2008] to prove a presentation for
the fusion product V(8)*N «D(1, §)*M.

4. Truncated Weyl modules and PBW type basis

In this section we give some evidence for the conjecture made by Chari, Fourier and
Sagaki on truncated Weyl modules (see [Chari et al. 2014a; Fourier 2015]). For the
reader’s convenience we state the precise conjecture in this paper (Conjecture 4.1).
Finally, we consider the case g = sl and compute a PBW type basis.

4A. Let P (X, N) be the set of N-tuples of dominant integral weights A =
(A1, ..., An) such that Zi)‘i =i LetA=0q,...,AN), 0= (U1,..., UN) €
PT (A, N). For a positive root 8 define

rg ) =min{(A;, +- -+ 1, )(B) |1 <ip <--- <ix <N}
We say A < u if
rgx(A) <rgx(p) forall e RTand1 <k <N.

The above partial order was considered by Chari et al. [2014a], who observed that for
a tuple A the dimension of the tensor product of the corresponding finite-dimensional
simple g-modules increases along <. Moreover, they proved in certain cases (for
instance when A is a multiple of a fundamental minuscule weight) that there exists
an inclusion of tensor products along with the partial order and conjectured that
this remains true for N = 2 and arbitrary A (see [Chari et al. 2014a, Conjecture
2.3]). Using the unique maximal element in the partially ordered set P (A, N) one
can formulate a conjecture on truncated Weyl modules, which we will explain now.

Definition. Let A € P*. The truncated Weyl module W(A, N) is a cyclic module
for U(g ® C[t]/t") generated by w;_ y with relations
@-1) " @C]/tMw,ny =0, (h@1)w n =8.0r(Wwyy VheD, 5>0,
(4-2) (x_p @Dty v =0 VBeR™.

The following conjecture gives a connection between truncated Weyl modules
and fusion products of irreducible finite-dimensional g-modules.

Conjecture 4.1. Let A € P such that [A\| > N, and let A = (A, ..., Ay) be
the unique maximal element in P (A, N). Then we have an isomorphism of
U(g ® C[t]/t")-modules

WA, N)=E V(@A) *x---xV(Ay).



FUSION PRODUCTS AND TOROIDAL ALGEBRAS 439

The following result proves the above conjecture for certain classes of dominant
integral weights.

Theorem 4.2. Let A € L and 1° € Pt such that .°(0Y) <1 and |[N» +A°| > N.
Then we have an isomorphism of U(g ® C[t]/t")-modules

WA+, N ZVO) %5« V)« V(O +10).
Proof. If A = 0, there is nothing to prove. By Corollary 3.6 we obtain that
Vs« V)« VA +19 2D, NA+ 10 /(@@ N Clr]) D(1, Na + A°).

We show that the defining relations of D(1, NA + AO)/(g QtNC[t) D, NAr+ 1%
hold in the truncated Weyl module. We shall prove only the nonobvious relations.
Let B € RT and write (NA + ko)(ﬂv) as in (3-1). Then, as before,

i { NABVdg' i A0(BY) #0,
b NA(BY)d; — 1 else.

We consider four cases. If 1(8Y) # 0 and A°(BY) # 0, then pg > pg —1 > N and
hence

(x_g ® PP )wy; 50 n = (x_pg @ PP wy; 150y =0.

If A(BY) # 0 and A9(8Y) = 0, then pg = N and mg = dg (recall that (3-4) was
only considered when mg < dg). If A(8Y) = 0 and A9(BY) = 0, there is nothing
to show; so consider the last case, A(8Y) = 0 and A°(8") # 0. In this case pg=1
and mg = 1%(B8Y). Thus we have to prove

(X_p®@DwWy; 10y = (X_pg® 1)mﬁ+lex+A0,N =0,

where the last equality is clear. Note that it is enough to prove that (x_g ®1) acts by
zero on the highest weight vector of the local Weyl module Wy, (NA + A%). Since
Wioe(NA+219) =W (NL) « W2 (A0) we get

loc loc
(x—g @) (Wyir *wy0) = (x_g & ( — 22)) (Wi * Wy0) = Wy * (X_pg @ F)w,0.

If g is not of type Go, then Wi, (A9 is irreducible and the statement follows. If
g is Gg it is easy to see that the only positive root B with (x_g ® r)w;o # 0 is the
longest short root 8 = a1 + 2a,. But then A(8Y) # 0. O

We shall show that (A, ..., A, A+ AO) is in fact the unique maximal element in
PH(NA+A°, N). Since A°(9") < 1, there exists at most one simple root « such that
A9(aY) > 0. Without loss of generality we suppose A (/) =0forall j > 1. Assume
that (i1, ..., un) € PH(NA+A0, N) suchthat (A, ..., A, A+20) < (u1, ..., un).
We fix a simple root «; and a permutation o; such that

oy (@) < < phoyny (@)
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We write ,ugj(i)(ajv) = A(aJY) + &) + 8,~,N)»0(o¢}’) for integers €;(j). By our
assumptions we obtain
N
O<ea(N=--en1()<en(D+A"@)) and ) e,(j)=0.
p=1

Hence, up to a permutation we have p; = A for 1 <i <N — 1 and uy = A +A°.

4B. For the rest of this section we prove the conjecture for sl; and compute a PBW
type basis. For 0 < j < N, let S(kN=/, (k4 1)7) be the set of tuples (ig, ..., in_1)
satisfying

N-1 ! N—4 '

N! N!
4-3 i, < Nk — —(N—C-=2)!b (N —1)!
(4-3) ;N_pz,,_ g(zv—az( )be+ j(N—1)

for integers by defined as follows: 0 < by < N — ¢ and
ip—j=by mod N,
igc+ b1 modN —¢€)=b;, mod N —¢ foré=1,...,N—4.
The theorem we shall prove is the following.
Theorem 4.3. Let m € Z and writem =kN + j for0 < j < N.
(1) We have an isomorphism of U (sl ® C[t]/t")-modules
W(m, N) = V(&) VD 5V (k4 1)*.
(2) A PBW type basis of W(m, N) is given by
(e ®@ D (g @D 1wy | G, -y iv—1) € SKNTL (k+ 1Y)}

A simple calculation similar to the one above shows that (k, ..., k,k+1,...,k+1)
€ PT(m, N) is in fact the unique maximal element.

The rest of this section is dedicated to the proof of Theorem 4.3.

4C. We start by proving the first part of the theorem. A presentation of the fusion
product as a U (sl ® C[t]) was given in [Chari and Venkatesh 2015]. So by their
results it is enough to show that the highest weight vector of W(m, N) satisfies the
defining relations of Vk)*N=D %V (k+ 1)* given in [Chari and Venkatesh 2015,
Proposition 2.7], which are
Y= Y (@D @0 (r @),

(bp)p20€8(s) s,r,eN, r+s>1+rl+q+p,



FUSION PRODUCTS AND TOROIDAL ALGEBRAS 441

where g = max{0, (N — £)k}, p = max{0, j — £} and S(r, s) is the set of tuples
(bp) p=o satisfying b+ - - -+ by =r and by +2by + - - - 4+ sby = 5. We assume that
r+s < m, because otherwise the claim follows from the following result of Garland
[1978]:

(g @)W (x_g @ DT — (=1)x_4(r, 5) € U(glthn1].

Our aim is to prove that for any tuple (b,),>0 € S(r, s) there exists p > N such
that b, # 0. Assume this is not the case. If £ > N we obtain

rN>r+s>1+rf>1+rN,
which is obviously a contradiction. So assume / < N — 1. It follows that
m>r+s>1+rl+(N-ODk+p=1+Lr—k)+m—j+p
and thus r < k. Therefore we obtain the contradiction
1+Lr—k)+m—j+p<r+s<rN=1=<(N-0@F—k) —p.

Hence
W(m, N) =V (k)" VD %V (k+1)*.

4D. Now we will prove the second part of the theorem. For simplicity we write f;
forx_q ®1%, 1 <i < N — 1, and consider the map sh: U(n™[t]) = U [t]) given
by sh(f;) = fi+1. We will need the following result from [Feigin and Feigin 2002].

Proposition 4.4. Let k) < kp < --- < ky. We have a short exact sequence of
U™ [t])-modules

1

0 V() k- 5V (y—y) 5 V)5V (k) 2 V(ky) s 5V (ky—1) = 0.

Using this proposition one can construct inductively a PBW type basis of the
fusion product. To be more precise, we have

(4-4) B(ki,....ky) = B(ki, ..., kn—1)su U foB(ki, ... . ky — 1),
where B(-) denotes a basis of the appropriate fusion product.

Example. We have B(1,2) = B(1)sy U foB(1, 1) and hence

B(1,2) = {1, fokn U foll, fo, f5, fiY =1L, fi, fofu, fo. f5 1)
Lemma 4.5. We have the recursion formula

N—-1 k

k
By = £ Bk—r""HaUJ R BU—n" T —r+ 1),

r=0 j=1r=I1
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Proof. The proof follows by repeated applications of (4-4); for the convenience of
the reader we present the first step:

BNy = BN "N U foB((k— D' kN1

=Bk DU foB((k — 1) K" s U feB((k — 1)%, kN 72)
N-—1

:...::LJ FEB(k— 1" kN1 U £V B((k— DY),
r=0

The formula now follows by proceeding in the same way with B((k — 1)V). [

Theorem 4.6. A PBW type basis of the truncated Weyl module W(kN, N) is given
by
B(™) = {fo’ fi' -+ fN21 | G, - in-1) € SGK™)).

Example. (1) For N =1 we get that S(k) is the set of 1-tuples (ip) satisfying
0
. 1!
m_izl_j
j=0
so S(k) = {0, 1,...,k}andB(k)={f({ | j=0,...,k}

(2) For N =4 and k = 2 we get that S(2%) is the set of quadruples (i, i1, i2, i3)
satisfying

-3

, 1!

z,fﬂk—}ja_%ﬂﬂ—ﬂ—bun=h
£=0

6ig + 8i1 + 12ip +24i5 <48 — 2bg,
where iy = by mod 4 and
BQY = {f £ 52 15 | Gos i, 12, i3) € S2H).

Proof. The proof of Theorem 4.6 proceeds by upward induction on N. The initial
step is obvious (see also the previous example) and the induction begins. So suppose
that the theorem holds for all integers less than N.

Claim. For all M < N we have
BUM™T (k4 1))y = {f0fl - 1 g, - i) € SKMT (k+ 1)7)).

Proof of the claim. We use induction. There is nothing to prove if j = 0. Assuming
Jj > 0, we obtain

BM (k+1)7)
=B*kM T (k+ 1) Ha U foBU,M T (k+ 1)/
= (SO g, i) € SEMTT (k1) DY
ULl fOfI - f 1 (g, - v ip—1) € SGM I (k4 1)/ 7)),
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The shift by the map sh leads to the following description:
U F - Ft T o, i) € SV (k1))
— { l . flM 1

M=4
Z z,,<M'k Z(M 1M —E=D b+ M (= D(M 2)'}
with
i1—j+1=b1 modM—l,
ig+ (bp—y modM —€)=b, modM —+¢ forl=2,...,M—4,
and
Sl S = | Gos - i—1) € SGMIH (k- 1)77 1))
{flO“"l . flMl
M-1 M—4
M! . M’
z <M'k— M£2'b+ i—1)(M—1)!
:{ flMI
M1 M—4
M! . M!
i, < M'k— M—L-=Dby+j(M—-1)!, ipg=>1
pX::OM_pp IZX%)(M g)v( MWbe+j( ) o }

io—jzb() modM,
g+ b1 modM —€)=bymodM—¢ forl=1,..., M —4.

Therefore, the claim follows with

o flv s fin= oL o iga) € SGMT (1)

_ {f(;) i, flM 1
= 1
M—1 M—4
M! M!
» < M! M—£-2)! M-1)!
g k=5 g (M€=t bet )}
Now it is easy to verify with Lemma 4.5 that the theorem holds. (I

The proof of Theorem 4.6 gives the following.
Corollary 4.7. A PBW type basis of the truncated Weyl module W(kN + j, N) is
given by
ol fit e it | Gon i) € SN (k+ D)),
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Remark. The fusion product V (1)*V is isomorphic to the truncated Weyl module
Wioc (N, N) and also to the local Weyl module Wio.(N). The inductively obtained
basis B(1") coincides with the basis of the Weyl module W;,.(N) constructed in
[Chari and Pressley 2001]. However, we would like to emphasize that the PBW
type basis of the truncated Weyl module W(m, N) described in Theorem 4.3 is
different from the basis described in [Chari and Venkatesh 2015, Section 6]. For
example, we have f13 e B(1*) but f13 is not contained in their basis.
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DIFFERENTIAL HARNACK ESTIMATES
FOR POSITIVE SOLUTIONS TO HEAT EQUATION
UNDER FINSLER-RICCI FLOW

SAJJIAD LAKZIAN

We prove first order differential Harnack estimates for positive solutions of
the heat equation (in the sense of distributions) under closed Finsler-Ricci
flows. We assume suitable Ricci curvature bounds throughout the flow and
also assume that the S-curvature vanishes along the flow. One of the key
tools we use is the Bochner identity for Finsler structures proved by Ohta
and Sturm (Adv. Math. 252 (2014), 429-448).

1. Introduction

In the past few decades, geometric flows and, more notably among them, the Ricci
flow have proved very useful in attacking long standing geometry and topology
questions. One important application is finding the so-called round (of constant
curvature, Einstein, soliton, etc.) metrics on manifolds by homogenizing a given
initial metric.

There is also a hope that similar methods can be applied in the Finsler setting.
One might hope to find an answer for, for instance, Professor Chern’s question
about the existence of Finsler—Einstein metrics on every smooth manifold by using
a suitable geometric flow resembling the Ricci flow.

In the Finsler setting, there are notions of Ricci and sectional curvatures, and
Bao [2007] has proposed an evolution of Finsler structures that in essence shares
a great resemblance with the Ricci flow of Riemannian metrics. The flow Bao
suggests is d F2/dt = —2F?R where R = (1/F?) Ric. In terms of the symmetric
metric tensor associated with F and Akbarzadeh’s Ricci tensor, this flow takes the
form of dg;;/dt = —2Ric;; which is the familiar Ricci flow.

The notion of Finsler—Ricci flow is very recent and very little has been done
about it. Some partial results regarding the existence and uniqueness of such flows
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are obtained in [Azami and Razavi 2013]. Also, the solitons of this flow have
been studied in [Bidabad and Yarahmadi 2014]. Our focus in these notes will be
to consider a positive solution of the heat equation (in the sense of distributions)
under Finsler—Ricci flow and prove first order differential Harnack estimates that
are similar to those in the Riemannian case (see [Liu 2009; Sun 2011]). The key
tools we use are the Bochner identity for Finsler metrics (pointwise and in the sense
of distributions) proven by Ohta and Sturm [2014] and, as is customary in such
estimates, the maximum principle.

We should mention that, in this paper, we are not dealing with the existence
and Sobolev regularity of such solutions (which is very important and extremely
delicate — for example, in the static case, solutions will be C? if and only if the
structure is Riemannian). For existence and regularity in the static case see [Ohta
and Sturm 2009]. Our main theorem is the following.

Theorem 1.1. Let (M", F(t)), t € [0, T] be a closed Finsler—Ricci flow. Suppose
there is a real number K € R and positive real numbers K| and K, such that, for
allt €[0,T],

1) —K; < (Ricij(v))?’j:1 < K3 as quadratic forms on TeM for all v € LM \ {0},
in any coordinate system, {0/9x;}, that is orthonormal with respect to g,, and

(i1) S-curvature vanishes (see Section 2.2.7).
Let u(x,t) € L*([0,T], H'(M)) N H'([0, T1, H~'(M)) be a positive global

solution (in the sense of distributions) of the heat equation under Finsler—Ricci flow;,
i.e., for any test function ¢ € C*°(M) and for all t € [0, T],

(D / ¢ou(t,-)dm = —/ D¢ (Vu(t,-))dmdt.
M M

Then, u satisfies
6% no3C
) F*(V(ogu)(t, x)) — 09, (logu)(t, x) < nT + 119_11 +n202,/Cs,

for any 60 > 1 and where
(3) Ci=K; and C,=max{K}, K3).

Remark 1.2. Our results can be applied to any Finsler—Ricci flow of Berwald
metrics on closed manifolds, since the S-curvature vanishes for Berwald metrics
(for example, see [Ohta 2011]).

We will note that it might be possible to obtain stronger results with fewer
curvature bound conditions by using different methods such as Nash—-Moser iteration
(as is done by Xia [2014] for harmonic functions in the static case).
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Integrating the differential Harnack inequalities, in a standard manner, leads to
Harnack-type inequalities.

Corollary 1.3. Let (M, F(t)), t € [0, T] be as in Theorem 1.1. Then for any two
points (x,t1), (y,t0) € M x (0, T] with t; < tp, we get
4)

2ne 1 20,/
u(x, 1) <u(y, f2)<t—2> CXP{/ wdS-FC(n,6)(l2—t1)(C1+/6)},
1 0o 2(tr—1)

whenever € > 1/2, and for C depending on n and € only, and where the dependencies
of Cy and C; on our parameters are as in Theorem 1.1. Here y is a curve joining
x and y, with y(1) = x and y(0) = y, and F(y'(s))|; is the speed of y at time
T=(1—s5)tr +st.

The organization of this paper is as follows: in Section 2, we first briefly review
some facts and results about differential Harnack estimates in the Riemannian setting
and about Finsler geometry; in Section 3, we present lemmas and computations
that we need in order to obtain a useful parabolic partial differential inequality; and
in Section 4, we will complete the proof of our main theorem.

2. Background

2.1. Differential Harnack estimates for heat equations in Riemannian Ricci flow.
The Ricci flow equation, dg/dt = —2 Ric, was first proposed by Richard Hamilton
in his seminal paper [1982]. Ricci flow is a heat-type quasilinear partial differential
equation but, as is well-known, it enjoys a short-time existence and uniqueness
theorem (see [Hamilton 1982]) and has been the key tool in proving the Poincaré
and geometrization conjectures.

The gradient estimates for solutions of parabolic equations under Ricci flow are
a very important part of Ricci flow theory. Perelman in his groundbreaking work
[2002] proves such estimates for the conjugate heat equation; he then benefited from
these estimates in the analysis of his WW-entropy functional. Since then there have
been many important results in this direction (for both heat equation and conjugate
heat equation) in, for example, [Kuang and Zhang 2008; Bailesteanu et al. 2010;
Cao et al. 2013; Cao and Hamilton 2009; Cao 2008], to name a few.

Since our proof, in spirit, is closer to ones in Liu [2009] and Sun [2011], we
will only mention their result without commenting on the other literature in this
direction. Their estimates for positive solutions of the heat equation under a closed
Ricci flow can be stated as follows.

Theorem [Liu 2009; Sun 2011]. Let (M, g(t)); t € [0, T] be a closed Ricci flow

solution with —K| < Ric < K, (K1, K2 > 0) along the flow. For u(x,t), a posi-
tive solution of the heat equation (Agy — d;)u(x, t) = 0, one has the first order
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gradient estimate

) [Vu(x, 1)|? _eatu(x, f _ @Jr né>K,

3
20%(K; + K>),
W2(x. 1) wen =1 Ty T K

where 0 > 1.

Their method of proof is to take f =logu and

2
©) « :=t<'v“(x’t)' —eaf“("”)) — 1V —63,f)

uZ(x,t) u(x,r)

and apply the maximum principle to the parabolic partial differential inequality

(A — ) +2 et 2 a0 2 2922 2
¢—0)a+2Df(Va)> " +n (IVfI7=0, )" =20 K1t |Vf|"—10"n" (K1 +K>)".
This is the method that we will adopt throughout the paper.

2.2. Finsler structures.

2.2.1. Finsler metric. Let M be a C*°-connected manifold. A Finsler structure
on M consists of a C* Finsler norm F : TM — R satisfying the following conditions:
(F1) Fis C*® on TM \ 0.

(F2) F restricted to the fibers is positively 1-homogeneous.

(F3) For any nonzero tangent vector y € TM, the approximated symmetric metric
tensor defined by

2

1 0
7) gy(u,v) == Esz(y + 5U 4 1) 5=1=0

is positive definite.

2.2.2. Cartan tensor. One way to measure the nonlinearity of a Finsler structure is
to introduce the so-called Cartan tensor defined by

1d
8 C,: 3TM—>[R, Cy(u,v,w):=-——
)] y ® y( ) 57
2.2.3. Legendre transform. In order to define the gradient of a function, we need

the Legendre transform, £*: T*M — TM. For w € T*M, let L*(w) be the unique
vector y € TM such that

[8y-+1w(u, v)].

) w(y) = F*(w)* and F(y) = F*(w),

where F* is the dual norm to F.
For a smooth function u : M — R, the gradient of u is Vu(x) := L*(Du(x)).
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2.2.4. Geodesic spray, Chern connection and curvature tensor. It is easy to see
that the geodesic spray in the Finsler setting is of the form G = y'9/dx; —
2Gi(x, y)3/dy', where

(10) G'(x,y) = %g§k{28(gy)jk _ eyt }yjyl.

0x; Xy

The nonlinear connection that we will be using in this work is the Chern connec-
tion, the connection coefficients of which are given by

08k

p yr G]'; } ’
where Gl’ :=9G'/dy/ and g is in fact 8y- .

For Berwald metrics, the geodesic coefficients G' are quadratic in terms of y
(by definition) which immensely simplifies the formula for connection coefficients.
In fact for Berwald metrics we have l";k =93°G' /9yl dy*.

Similar to the Riemannian setting, one uses the Chern connection (and the
associated covariant differentiation) to define the curvature tensor

gk
ay”

G| —

; ; 1 . [9%g; Ogix 0gu g
11 i =ri..— = il J _ Z4J] _ JGr
(D Ty =T =58 {axk ox ax oy CET

(12) RY(X,Y)Z :=[Vy,Vy1Z -V 4 Z,
which, of course, depends on a nonzero vector field V.

2.2.5. Flag and Ricci curvatures. Flag curvature is defined similar to the sectional
curvature in the Riemannian setting. For a fixed flag pole v € T, M and for w € LM,
the flag curvature is defined by

gv(Rv(v, w)w7 v)

(13) ) = o, v)ga(w, w)— go(o, )

The Ricci curvature is then the trace of the flag curvature, i.e.,

n—1
(14) Ric(v) := F2(v) ZIC"(v, e,

i=1
where {e|, ..., e,_1, ﬁ} constitutes a g,-orthonormal basis of T, M.
2.2.6. Akbarzadeh’s Ricci tensor. Akbarzadeh’s Ricci tensor is defined by

{15) Ri 9%  (Ric
1Cj; = . -\ — .
Y dyiayi \ 2

It can be shown that the scalar Ricci curvature, Ric, and Akbarzadeh’s Ricci
tensor, Ric;;, have the same geometrical implications. For further details regarding
this tensor, see [Bao and Robles 2004].
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2.2.7. S-curvature. Associated with any Finsler structure, there is one canonical
measure, called the Busemann—Hausdorff measure, which is given by

(16) dVi :=op(xX)dxi N+ Ndxy,,

where or(x) is the volume ratio

vol(Bg: (1))

(17) or(x) = Vol(yE’I;CM:F(y)<1)'

The set whose volume appears in the denominator of (17) is called the indicatrix,
and there is often no known way to express its volume in terms of F.
The S-curvature, which is another measure of nonlinearity, is then defined by

G! .9
(18) S(y) = v - (x, y) —y' —(Inor(x)).
! ax;

For more details, see [Shen 2004], for example.

2.2.8. Hessian, divergence and Laplacian. The Hessian in a Finsler structure is
defined by

(19) Hess(u)(X,Y) := XY (u) — Vy"Y (u) = gvu(Vy “Vu, Y).
As usual, for a twice differentiable function u,

a) 3%u Pk 0u

- axiaxj - ija

(20) Hess(u) (i

ax,”a_xj

For a smooth measure i =e~Ydx| A- - -Adx, and a vector field V, the divergence
is defined by

= [V, oW
Q1) div, V := Z(— — V—)

X axi Bxi
i=1

Now, using this divergence, one can define the distributional Laplacian of a
function u € H' (M) by Au :=div,(Vu),ie.,

(22) f PAudp = —/ D¢ (Vu)du,
M M

for ¢ € C*°(M).
The Finsler distributional Laplacian is nonlinear but fortunately there is a way to
relate it to the trace of the Hessian by adding an S-curvature term. Indeed, one has

(23) Au = try, Hess(u) — S(Vu).

For a proof of (23), see for instance [Wu and Xin 2007].
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2.3. Weighted Ricci curvature and Bochner—Weitzenbock formula. The notion
of the weighted Ricci curvature, Ricy, of a Finsler structure equipped with a
measure @ was introduced by Ohta [2009]. Take a unit vector v € T, M and let
y : [—€, +€] = M be a short geodesic whose velocity at time t = 0 is y(0) = v.
Decompose the measure p along y with respect to the Riemannian volume form;
ie., let u = e“l’dvol);. Then

(24)  Ric,(v) := { ic(v) +(Woy)"(0) if (Woy)(0)=0,

—00 otherwise,
. . " (Woy) (0)
(25) Ricy(v) :=Ric(v) + (W oy)"(0) — T — when n < N < 00,
—n

(26) Ric(v) := Ric(v) + (¥ 0 y)"(0).

Also Ricy (Av) := A% Ricy (v) for A > 0.

It is proven in [Ohta 2009] that the curvature bound Ricy > KF 2 s equivalent
to the Lott—Villani—Sturm CD (K, N) condition.

Using the weighted Ricci curvature bounds, Ohta and Sturm [2014] proved the
Bochner—Weitzenbock formulae (both pointwise and integrated versions) for Finsler
structures. For u € C*° (M), the pointwise version of the identity and inequality are

2
27 A <@> — D(Au)(Vu) = Ricoo (V) + | V?ull35(v,, (identity),

F2(Vu) (Au)?

(28) AV”< > — D(Au)(Vu) > Ricy (Vu) + (inequality).

3. Estimates

In this section we will gather all the required lemmas and estimates that will be
needed to apply the maximum principle.

Evolution of the Legendre transform. Since in the Finsler setting the gradient
is nonlinear and depends on the Legendre transform, we will need to know the
evolution of the Legendre transform under Finsler—Ricci flow.

Let (M, F) be a Finsler structure evolving under Finsler—Ricci flow. Then the
inverse of the Legendre transform is defined by

29) (L' TM — T*M, (£%7'(x,y) = (x, p), where p; = g;(x,y)y’.

To explicitly formulate the Legendre transform, we have, for any given w € T,"M,
that £*(w) =y € T, M, where y is the unique solution to the nonlinear system

(30) g, -y g, Vi Y =, for k=1,...,n,
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or, in the matrix form,

€2y gy =o.

Lemma 3.1. Let (M, F(t)) be a Finsler structure evolving by Finsler—Ricci flow.
Then the Legendre transform L* : T*M — TM satisfies

(32) 9, L* = 2Ric] L*;

i.e., for any fixed 1-form w with L*(w) = y = y'd/dx; € TM, we have
(33) dy' =2Ric’ y",

where Rici =g¥ Ric;,..

Proof. Fix w and differentiate both sides of (31) with respect to ¢ to get

(34) [9g(¥)]y +8(y) 0y =0.

Therefore,

(35) oy =—g»n~ ag(y)y.

Expanding the right-hand side of (35), we have, for every i,

(36) 0y' = =g @8 ()jry"
=2¢(y)" Ricj, (y)y" — g(»)? (?)iy’[azyk)y’
= 2Ricl (y)y".

Notice that the second term in the second line of (36) vanishes by Euler’s theorem.
O

Evolution of F>(Vf). One crucial step in the proof of the gradient estimates is to
be able to estimate the evolution of the term FZ(V ).

Lemma 3.2. Let (M, F(t)) be a time-dependent Finsler structure. Then
37) WLF> (VA =287 (D3, £ f; +[8:8"1(DS) fi f-
Proof. Simple differentiation gives
(38) W[F* (V)] =8, [F*(Df)’]

= 3" (Df) fi f;]

=287 (D)3 f1i fj + 0" (DO ;-

Expanding the second term of the last line in (38), we have

y g ol
(39) alg! (DAL f = 10,8V (D) £ f; + aiyk oy (Df) f; f;.
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Using Euler’s theorem, the second term of the right-hand side of (39) vanishes. [

Lemma 3.3. Suppose F is evolving by the Finsler—Ricci flow equation. Then

(40) [ FX (V)] =2D@: f)(Vf)+2Ric(Df) f; f;-

Proof. It is standard to see that under Finsler—Ricci flow, we have

(41) d g’ =2Ric¥,

where, as before, Ric := g'" g/* Ricy. U

4. Proof of main theorem

In this section we will complete the proof of our main theorem. Throughout the
rest of these notes, we consider a solution u of the heat equation. The Laplacian,
gradient and Legendre transform are all with respect to V := Vu and are valid on
M, :={xeM:Vu(x) #£0}.

Leto(t,x) =10, f (¢, x) where f =logu. Then we have gvy = gv. Let

42) o, x):=t{F>(Vf(t,x)) =08, f(t,x)} =t F>(Vf(t, x)) — fo.

Lemma 4.1. In the sense of distributions, o (t, x) satisfies the parabolic differential
equality

(43) Ao — 80+ 07 +2Da (Vf) = t{—=2Ric/(Vf) f; f; — 2Ric)*(VF) fu).

Proof. We first note that, for any nonnegative test function ¢ € H'([0, T] x M)
whose support is included in the domain of the local coordinate,

(44)

)
0,(D()(VF)) = D(B,(t8))(VF) + D) (V (3, F)) +2(Ric)i(v ) L) 2

ox; ax,- '
Indeed,

(45) 3:(D(tP)(Vf))
= D (0, (t$)) (V) + D(t$) (3, (L*(Df))
= D(0,(t$))(Vf) + D(t$) (0, (L") (Df) + L*(D, [))

= D(0;(t$))(Vf) + D(td)(3;(L*)(Df)) + D(t$)(L* (D3, f))
. a(ms) af
= D(3(t$))(Vf) + D(td)(V(3, ) +28" (Ric)! (Vf) ™
j

(t¢) af

ox; ij

= D(3,(t1$))(Vf) + D(t$)(V (3, £)) + 2Ric) (V) ——
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That is,
(46)

a(1¢) 8
—D($)(V (3 ) = =3, (Dd)(V)) + D3 (1)) (V) +2(Ric) (V) (f¢) a;{-
]

Multiplying the left-hand side of (43) by ¢, integrating and then substituting
(46), we get

T
“ A:/ / (=6 (Vo) + k-0 + 57 +26 D0 (V1)) dm i
0 JM
T
:/0 /I‘M{_D(W))(V(atf))+8’(I¢)a’f+2t¢D(atf)(Vf)}dm di

T
= /0 /M [ D@ o)V + 0 td)AS + FAV)

+2(Ri )‘J(Vf)&a—f + 2t¢D(3,f)(Vf)} dmdt.

1

Using the estimates we have obtained for o[ F (Vf )?] in Lemmas 3.2 and 3.3,
we arrive at

T
@) A= [ [ {DGusnmn) +awoan +a,as o)

+2(Ri )U(Vf)ﬂa—f +2t¢D (3, f)(Vf)} dm dt
() 9
/ f 8t(f<t>)(F2(Vf))+2(R 0)Y(Vf) (t¢)a_f+t¢>3,[F(Vf)]

—2t¢ RicI(VF) £ f; } dm dt
T
= / / tp{—2Ric!(Vf) fi f; — 2RicU(Vf) fj } dm dt.
0 JM

Notice that Euler’s theorem has been used in the last line of (48). O

Now we can compute a parabolic partial differential inequality for (¢, x) with
a similar left-hand side.

Lemma 4.2. In the sense of distributions, a(t, x) satisfies
(49) Ava—i—ZDa(Vf)—ata—i—% = B,
where

B =02t Ric/(Vf) fi f; + 2t Ric(V ) fu)
+ 20 Ric(Vf) + 21V 350vp) — 2t RicU(V 1) f; ;-
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Proof. For a nonnegative test function ¢, one computes

(50) fOT/M{—Dqs(Va) +0pa + ¢7“ n 2¢Da(Vf)} dm dt

=—0A+ /OT/M{—thb(V(FZ(Vf))) + 3¢ (t F2(Vf))
+¢(FA(Vf) +2¢ D(FX(V)(VS)} dm dt

=—6A+ /0 ' /M {=1DG(V(F2(Vf)) — ¢ - 8,(1(F* (V)
+¢(F2(V) +2¢D(F*(V))(Vf)} dm di

=—0A+ /O ' fM {=tDP(V(F* (V) = - (F2(VF) + 13, (F* (V)
+¢(F2(V) +2¢D(F* (V) (Vf)} dm di

=—0A+ /OT/M{—IDqﬁ(V(FZ(Vf))) —¢-13,(F*(Vf))

+21¢D(FA(V)(V[)} dm d1,

where A is as in (48).
Again using the estimates for o;[ F' (Vf )2] (as in Lemmas 3.2 and 3.3), we arrive at

T
(51) //{—D¢(Va)+a,¢-a+(/’—“+2¢Da(Vf)}dmdz
0 Jm t

=—0A+ /O ' fM {~1DG(V(F2(Vf)) = ¢ - 13:(F*(Vf)
+2t¢ D(F*(VA)VS)} dmdt

=—60A+ /OT/M{—ths(wF?(w))) —2tpD (3, f)(VS)
—2t¢ Ric!(Vf) fi f; + 2t D(F* (V) (Vf) } dm dt

=—0A+ /OT/M{—tD¢(V(F2(Vf))) —2t¢D(AF)(VS)

—2¢D(F*(VF))(Vf) —2pRic? f; f;
+2t¢ D(F*(VA)VS)} dmdt

T
=—9A+/ / {—tD(V(F*(Vf)))
0 JM
— 2t D(Af)(Vf) =2t Ric!(VS) f; f; } dm dt.
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By applying the Bochner—Weitzenbdck formula (proven in [Ohta and Sturm
2014]; see also Section 2.3) and noticing that § = 0 implies Ric (v) = Ric(v), we
can continue as follows:

T
—9A+f / {—tD¢(V(F*(Vf))) — 2t¢ D(Af)(Vf) —2tp Ric f; f;} dm dt
0 JM

T
=—60A +f / ¢{2 Ric(Vf) + 2| V[ 50vp) — 2t RICUVS) f; f;} dm dt.
0 JM
Now, substituting A from (47), we have

B =02t Ric/(Vf) fi f; + 2t Ric*(Vf) fur) + 2t Ric(Vf)
+ 2111V f I iscup) — 2t RicH(VE) fi f. O

Proof of Theorem 1.1. Assume the curvature bounds given in the statement of
Theorem 1.1, and assume that the S-curvature vanishes. The constants obtained
below all depend on our curvature bounds and the ellipticity of the flow.

Let’s start with B(z, x):

B(t, x) = 02t RicV(Vf) f; f; + 2t Rick(Vf) fu) + 21 Ric(Vf)
+ 211V f N iscup) — 2t Ric(VF) fi f;.

Young’s inequality tells us that
(52 IRic fig] = S Rick)? + - f2
=2 207K
and therefore
(53) 201| Rick fiy| < 10> Rick)? +1f2.

Pick a normal coordinate system with respect to gvy, with Vf(x) = d/0x; as
well as T}, (Vf (x)) =0 for all i, j. Then

(54)  Ric(Vf) =Ricy(Vf), IV laswp =D f7 D Ji=Af),
i=1

and consequently
(55) B(t,x) = 20 Ric;(VI) fify —t Y _ 0> Ric)* =t Y £
+2t Ric(Vf) + 2tV f s eup) — 2t Ricy (V) fi f;

> —20K\ FX(Vf) = 2K\ F*(Vf)+t Y _ f7
—10°n%Cy + 2t K, F2(V).
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On the other hand, one computes

(56) SRRz () = wn

Hence,
2 ! 2
(57) DI R
Putting all the above estimates together and noting that 6 > 1, we get
t
B(t,x) > —(Af)> = 210K, FA(Vf) = 2t K\ F>(Vf) — t0*n*C, + 2t K| F*(Vf)
n
t
> —(Af)? —2t0K, FX(Vf) — t6*n*C>.
n

Replacing the term Af with (F(Vf)? — 8, f), we get the inequality

(58) B(t, x) > L(F(Vf)2 — 3, )2 =2t0C F*(Vf) —16*n*C,
where "

(59) Ci =K,

(60) C, = max{K?, K3}.

This means that
61) Ao +2Da(Vf)—da
a7 2 2 2 02,2
> ” 4+ —(F(Vf)* =0, )" =2t0C 1 F*(Vf) —t0°n“C;.
n
This inequality is exactly of the form that appears in [Liu 2009], and a computa-
tion similar to the one at the end of the proof of [Liu 2009, Theorem 2] (using the
quadratic formula and maximum principle) gives the desired result. For the sake of

clarity, we will repeat the computation here.
Let

03C
(62) Gima— 12 3292 /Cs.

Suppose the maximum of & is attained at (x, fo) and suppose &(xo, fp) > n6?>
(which implicitly implies #y > 0). Therefore, at (xg, fy), we have

(63) 0> (A—=09)x=>(A—0)e.
Let w := F?(Vf) and z := 9, f. Then in terms of w and z we have

i1
(64) 0> —% + ;O(w — )% = 2408Cyw — 16212C,.
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By the quadratic formula, we get

I
65) 2(w—2z)%—26Ciw
n

_ o1 2 o1\ , 01
(92 —602)"+ (T w”—20nCiw +2 7

(1 02)? 0*n*C? o0 o) —62)).
—| 5 w-— - w—
=n\g2 YT o) 92 ¢

Therefore,

w) (w— 91))

2 42
fh [ o n@C ) 2tp 0 —
66 0> —(=) —=——L1—rp*n*C \%
(66) _ngz() o @_DEe T 2t wnH(= o

n (a)' « no*Cc? 2 2

> — =) — = - —Lt—16*n*C,.
no? fh (0—1)?

Using the quadratic formula one more time, (66) implies that

o  nb* nb3C
(67) L

3
202./Cs,
th ~ 1t 9—1+n 2

which in turn implies
(68) &(x0, f0) < nb?,

and this is a contradiction. Therefore,
6% no’C
69)  F2(V(logu)(t, x)) —0d;(logu)(t, x) < "T + ("9 11) +n320%,/C,
with Cy and C; as in (59) and (60).
Proof of Corollary 1.3. From Theorem 1.1, we know that

2
(70) F2(V(logu)(t, x)) — 03;(log u)(z, x) < @ +C(n,0)(C1+ Ja).

Letl(s) :=Inu(y(s), t(s)) = f(y(s), t(s)). Then
71 32(5) — (- 1)( Df(y(s)) —3zf)
s h—t

1

F(VHF
< (Q-ﬁ)(w—azf)

h—1

2
s(m—n)(ﬁ+ F2<Vf>—atf)

2
EF (V)|r+( _l)(__|_C(n E)(C]‘i-\/»))
2(1‘2— 1)
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Integrating this inequality gives

u(x, ty) /‘ 3l(s)
n——m———= dS
u(y,n) Jo 0s
1 F2 g t
5/ ﬂdSJFC(n,e)(tz—tl)(Cl+\/C2)+2€nln—2- 0
0o 2(t—1) g
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ON THE ONE-ENDEDNESS OF GRAPHS OF GROUPS

NICHOLAS TOUIKAN

We give a technical result that implies a straightforward necessary and suffi-
cient condition for a graph of groups with virtually cyclic edge groups to be
one-ended. For arbitrary graphs of groups, we show that if their fundamen-
tal group is not one-ended, then we can blow up vertex groups to graphs of
groups with simpler vertex and edge groups. As an application, we general-
ize a theorem of Swarup to decompositions of virtually free groups.

1. Introduction

A finitely generated group G = (S) is said to be one-ended if the corresponding
Cayley graph Cay(G, S) cannot be separated into two or more infinite components
by removing a finite subset. Otherwise G is said to be many-ended. It is a classical
result due to Stallings [1971] that a many-ended group decomposes as either an
amalgamated free product or an HNN extension over a finite group.

Given the Bass—Serre correspondence between group actions on simplicial trees
and their decompositions, or splittings, as (fundamental groups of) graphs of groups
(see [Serre 1980]), a finitely generated group G is many-ended if and only if it acts
minimally, without inversions, and cocompactly on a simplicial tree 7 in which for
some edge e the stabilizer G, is finite.

It is often the case that a graph of groups with many-ended vertex groups is
itself one-ended. For example, the fundamental group of a closed surface is one-
ended but it is an amalgamated free product of free groups, which are many-ended.
Theorem 3.1, stated and proved in Section 3, essentially characterizes one-ended
graphs of groups. This result is rather technical, but has many “nontechnical”
corollaries which we now present.

We say that G is one-ended relative to a collection ¥ of subgroups if for any
minimal nontrivial G-tree T with finite edge stabilizers, there exists a subgroup
H € ¥ that acts without a global fixed point. Otherwise G is said to be many-ended
relative to ¥. In this case, G admits a nontrivial splitting as a graph of groups relative
to ¥ (i.e., groups in ¥ are conjugate into vertex groups) with finite edge groups.

MSC2010: primary 20E06, 20E08; secondary 57M07, 57M60, 57M20.
Keywords: group theory, groups acting on trees, Bass—Serre theory, ends of groups, square
complexes.
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Corollary 1.1. If G| is one-ended relative to a collection #; U {C}, and G, is
one-ended relative to ¥, U {C,} with C| =~ C, virtually cyclic groups, then any free
product with amalgamation of the form

G1*c,=c, G2
is one-ended relative to 71 U ¥5.

In the case of graphs of free groups with cyclic edge groups, this corollary
(actually its natural generalization, see Corollary 1.5) is proved in [Wilton 2012,
Theorem 18] and implied by results in [Diao and Feighn 2005]. Corollary 1.1
is false if we do not require the amalgamating subgroups to be virtually cyclic
or, synonymously, two-ended. Nonetheless, we can still understand the failure of
one-endedness of general graphs of groups.

Definition 1.2. A G-equivariant map S — 7T of simplicial G-trees is called a
collapse if T is obtained by identifying some edge orbits of S to points. In this
case we also say that S is obtained from T by a blow up. We call the preimage
Tv C S of a vertex v € T its blowup.

Definition 1.3. We write H < G to signify that G splits essentially as a graph of
groups with finite edge groups and H is a vertex group. A group G is accessible if
it admits no infinite proper chains

GG >Gy>....

For example, if F is a free group and H < F, then H is a free factor of F. This
next theorem, a formal consequence of Theorem 3.1, states that if a graph of groups
with finitely generated infinite edge group is not one-ended, then we can blow up
some of its vertex groups.

Theorem 1.4. Suppose that T is a G-tree (in which a collection of subgroups ¥
act elliptically) with infinite edge groups, and that G is not one-ended relative to
3. Then there is a vertex v € Vertices(T) and an edge e € Edges(T) with v € e
such that the orbit of v can be blown up with G, acting minimally on the nontrivial
blowups T, satisfying the following properties:

o G, < Gy is the stabilizer of a vertex in T,.

o The edge groups of fv are conjugate in G, to the vertex groups of an essential
amalgamated free product or HNN decomposition of G, with a finite edge

group.
In particular, in the tree S obtained by blowing up the orbit of vin T to fv, each

vertex or edge stabilizer of S is < a vertex or edge stabilizer of T, and at least one
of these inclusions is strict. Furthermore the groups in ¥ act elliptically on S.
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We note that blowing up a G-tree is equivalent to refining a graph of groups.
If G acts on a tree with accessible vertex and edge stabilizers then the order <
actually tells us that the vertex groups of the blowup given by Theorem 1.4 have
lower complexity, in the sense that the process of successively blowing up vertex
groups in this manner must terminate in finitely many steps.

Accessible groups, in turn, are abundant. Linnell [1983] showed that if there is a
global bound on the order of finite order elements in a finitely generated group, then
the group is accessible. Dunwoody [1985] showed that finitely presented groups
are accessible. We now use Theorem 1.4 to give a proof of Corollary 1.1.

Proof of Corollary 1.1. We show the contrapositive. Let T be the Bass—Serre tree
dual to the splitting G = G| *¢ G», and suppose that G is not one-ended relative to
€ = ¥, U ¥,. Note that any decomposition of a virtually cyclic group as an HNN
extension or an essential amalgamated free product must have finite edge groups. It
follows that in all cases, by Theorem 1.4, some orbit of vertices Gv can be blown
up to minimal gG,g~'-trees with finite edge groups. This implies that one of the
vertex groups G; fixing some vertex v € Vertices(7') acts minimally on T, with
finite edge stabilizers, with

Hi={HeH|HNG; # {1}

and C; = G, for some v € e € Edges(T') acting elliptically. It follows that G; is
not one-ended relative to #; U {C}. O

This proof is easily adapted to give:

Corollary 1.5. The fundamental group G of a graph of groups with two-ended
edge groups is one-ended (relative to a collection ¥ of subgroups) if and only if
every vertex group G, is one-ended relative to the incident edge groups (and the
collection {HS NG, | g € G, H € ¥}).

Using the full strength of Theorem 3.1, we also generalize a result of Swarup
[1986] on the decomposition of free groups to virtually free groups. This result was
already partially generalized by Cashen [2012] to decompositions of virtually free
groups with virtually cyclic edge groups.

Theorem 1.6. Let G be finitely generated and virtually free.

(1) If G splits as an amalgamated free product G = Ax¢ B with C finitely generated
and infinite, then there is some C1 < C such that C{ < Aor C; X B.

(2) If G splits as an HNN extension G = Axc; with C finitely generated and
infinite, then there is an infinite subgroup C| < C and a splitting A of A as
a graph of groups with finite edge groups relative to {Cy,t~'Ct} such that
either C1 or t~'C1t is a vertex group of A.
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Unlike in Swarup’s proof, we do not use homological methods. Our proof is more
along the lines of the geometric arguments found in [Wilton 2012; Louder 2008;
Bestvina and Feighn 1994; Diao and Feighn 2005] using graphs of spaces X with
m1(X) = G. The presence of torsion, however, can make the attaching maps in the
graphs of spaces difficult to describe. By using the more abstract G-cocompact core
of the product of two G-trees [Guirardel 2005], we sidestep these difficulties. The
core has been used before to study pairs of group splittings. In particular, Fujiwara
and Papasoglu [2006] use it to show the existence of QH subgroups for one-ended
groups that have hyperbolic-hyperbolic pairs of slender splittings; this is the main
technicality in constructing group theoretical JSJ decompositions. Although it could
be noted that the action of our group on the core gives rise to a G-orbihedron a
la [Haefliger 1991], we will not need this machinery; in fact, modulo classical
Bass—Serre theory and Guirardel’s Core Theorem for simplicial trees (Theorem 2.3,
of which we sketch a proof), our argument is self-contained.

2. Preliminaries

Group actions. All group actions will be from the left. Let X be a G-set. If § C X
is a subset, we denote by G g the (setwise) stabilizer {g € G | gS = S}. If S ={x}is
a singleton, then we write G instead of G ;. We call a subset S C X G-regular if
for any x, y € S in the same G-orbit, there is some g € G such that gx = y. The
following lemma is immediate.

Lemma 2.1. Let X be a G-set. If S C X is G-regular, then we have an embedding
Gs\S — G\X.

In this paper, all trees will be simplicial. In particular we consider them to be topo-
logical spaces, equipped with a CW-structure, which also makes them into graphs.
We further metrize these graphs by viewing edges as real intervals of length 1.

All G-trees T will be without inversions, meaning that for any edge e € Edges(T),
if ge = e then g fixes e pointwise. Equivalently, if u, v € Vertices(T') are the vertices
at the ends of the edge e, then we have inclusions

Gu=Ge =Gy

We call vertex stabilizers vertex groups, and edge stabilizers edge groups. We
assume the reader is familiar with Bass—Serre theory and we switch freely between
G-trees and splittings as graphs of groups, viewing the two as being equivalent.

A G-tree T is essential if every edge of T divides it into two infinite components.
T is minimal if there are no proper subtrees S C T with Gy = G. T is cocompact
if G\T is compact. An element g or a subgroup H of G are said to act elliptically
on T if the groups (g) or H fix some v € Vertices(T').
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Products of trees, cores, and leaf spaces. 1f T and T, are G-trees, then we have
a natural induced action G ~ T} x T>. Since the trees T, T» are 1-dimensional
CW complexes, we may consider their product 7| x T; as a square complex, i.e.,
a 2-dimensional CW complex whose cells consist of vertices, edges, and squares.
There are natural projections p; : Ty x T, — T;. The following lemma is immediate.

Lemma 2.2. If the actions G ~ Ty and G ~ T, are without inversions, then so
is the action G ~ T1 x T, i.e., if 0 D € is an inclusion of cells (e.g., a square
containing an edge), then G, < G..

If # is a collection of subgroups acting elliptically on T) and T,, then each
subgroup in K fixes a vertex of T1 x T».

The action G ~ T1 x T, is not cocompact in general. It turns out, however, that
we can extract a useful subset, namely Guirardel’s cocompact core. We state the
special case of his result applied to simplicial trees.

Theorem 2.3 (the Core Theorem, see [Guirardel 2005, Théoreme principal and
Corollaire 8.2]). Let G ~ Ty, G ~ T be two minimal actions of a finitely generated
group G on simplicial trees Ty, T, with finitely generated edge stabilizers. Suppose
Sfurthermore that Ty, T» do not equivariantly collapse to a common nontrivial tree.

Then there is a G-invariant subset ‘€ C Ty x T», called the core of the action
G ~ Ty x T, which is defined as the smallest connected G-invariant subset such
that the restrictions of the projections pi|¢ : € — T; have connected fibers. The
quotient ¥ = G\6 is compact.

Suppose for the remainder of this section that 77, T, satisfy the hypotheses of
Theorem 2.3. The restrictions of the projections p;|, : ¢ — T; are well defined
for each cell (i.e., a vertex, edge, square) o C T1 x T. If o is a square then the
projection is onto an edge p; (o) € Edges(T');. If A1, Ao, C o are two fibers of such
a projection (see Figure 1), we can define a distance d7 (A1, 1) to be the distance

Di

B

Figure 1. The projection of a square on an edge and some of its fibers.

in p; (o) between the points p; (A1) p;(A2), thus putting a metric d7 on the set of
pi-fibers in a cell o. We now define the i-leaf space &; of a subset Z C T} x T, to
be the set of connected unions of p;-fibers of cells in Z, called leaves, so that we
see Z as being foliated by the leaves in &£;. &; is a 1-complex with metrized edges;
therefore we can endow &; with the path metric d;. As a consequence of the direct
product structure we have the following.

Lemma 2.4. If Z C T| x T», then the leaf spaces &; are forests (see Figure 2).
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Figure 2. The i-leaves in a square complex and the resulting leaf
space, which is a tree.

If € C T x T3 is a core then the leaf spaces &; are homeomorphic to the trees
T;. Later, however, we will be performing operations that will alter the leaf spaces.

Induced splittings. Let v € Vertices(T;), e € Edges(T;) and let m, be the midpoint
ofe. Lett, = pl._1 (fvhN% and 7, = pl._1 ({m.})N€. By Theorem 2.3 the preimages
Ty, T are connected and are therefore leaves in ;.

Since we have an action G ~ €, since t,, 7. are defined as T;-point preimages
via a G-equivariant map, and since G,, G, are exactly the stabilizers of these points
v, m,, the subsets 7, T, < € are G-regular. So, by Lemma 2.1 we have embeddings

Gy\Ty = G\€ < G, \7,.

By Theorem 2.3, G\% is compact so the quotients G,\1,, G,\1, must be as well.
Moreover, because 1,, 7, are contained in p;-fibers, for j £ i the restrictions

Pile, i To => Tj,  pjle, :Te > T

are injective. Finally, the projection p;|¢ : 6 — T is G-equivariant. We have shown
the following.

Lemma 2.5. If v € Vertices(T;), e € Edges(T;), j # i, then the fibers 1,, T, are
mapped injectively via p; to subtrees that are G,, G.-invariant, respectively.
Viewed as subsets of the core € C T\ x T», 1, and t. coincide with their j-leaf
spaces.

The actions G, ~ t., Gy, ™~ T, are cocompact. Moreover 1,, T, are infinite if
and only if the actions of the subgroups G, ~ T;, G, ~ T} are without global fixed
points.

The G,, G,.-trees 1y, T, give splittings induced by the action on T;. The blowups
of Theorem 3.1 will be obtained by modifying the trees 7,. For aficionados of
CAT(0) cube complexes, it is worth remarking that the core € is a CAT(0) square
complex, in fact a V'#-complex, and that the set of fibers 7., e € Edges(T;) is the
set of hyperplanes.

Spurs, free faces, and cleavings. In the previous subsection we obtained cocom-
pact G, G.-trees 1,, .. We say a tree has a spur if it has a vertex of degree 1. An
edge adjacent to a spur is called a hair. We now give a shaving process.
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Lemma 2.6. Let T be a cocompact G-tree. T is minimal if T doesn’t have any
spurs. If T is not minimal, then we can obtain the minimal subtree T (G) as the
final term of a finite sequence

T=Ty,.... T =T(G),

where T; 4 is obtained from T; by G-equivariantly contracting one G-orbit of hairs
to points.

Proof. Let v € Vertices(T) be a spur adjacent to an edge ¢ € Edges(7T") and let
u € Vertices(T) be the other endpoint of e. The map T — T obtained by G-
equivariantly collapsing ge onto gu for g € G is a deformation retraction onto a
proper G-invariant subtree, so 7" is not minimal.

Suppose now that 7" is not minimal. Then there is some proper G-invariant
subtree S C T. Let K be the closure of some connected component of 7 \ S. Then
K NS = {v} for some v € Vertices(S). Since S is G-invariant and connected, we
must have Gg < G,. It follows that for any w € Vertices(K) and any g € G the
distance dr (w, v) =dr(gw, v), i.e., the action of Gk on K is the action on a rooted
tree with root v. Since K is G-regular, we have an embedding Gx\K — G\T
which is compact; thus K must have finite radius since G g preserves distances
from the root.

Since K is a rooted tree with finite diameter it must have a nonroot vertex of
valence 1. By the argument at the beginning of the proof, we can G g-equivariantly
collapse hairs, and since Gk ~ K is cocompact, after finitely many collapses we
will have collapsed K to v. Again since G ~ T is cocompact, there are only finitely
many orbits of connected components of 7'\ §, so the result follows. (I

If o is a square in some Z C T; x T», then we say an edge € C o is a free face
if it is only contained in one square. The following terminology is due to Wise
[2004].

Definition 2.7. Let e € Edges(7;) and let 7, C 6 be the fiber of e as in Lemma 2.5.
The hypercarrier H«¢(t.) is the union of squares of € intersecting t, nontrivially.

We note that for e € T;, a hypercarrier is mapped to an edge of 7; and that ¥ (z,)
is homeomorphic to 7, x [—1, 1].

Definition 2.8. We say an edge € in some Z C 77 x T is i-transverse if it coincides
with its i-leaf space, or equivalently if it is mapped monomorphically via p;|, or
equivalently if it is contained in a j-leaf.

An immediate consequence of Lemma 2.6 and Figure 3 is the following.

Lemma 2.9. Let e € Edges(T;). If G, . is not minimal then ¥«¢(t.) has a
square o containing an i-transverse free face e.
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Figure 3. A spur of 7, and the corresponding free face € in the
hypercarrier #«¢(t,).

We now borrow some terminology from [Diao and Feighn 2005].

Definition 2.10. A simplicial map S — T between two trees that is obtained by
identifying edges sharing a common vertex is called a folding. If T is obtained
from S by a folding, then we say S is obtained from T by a cleaving.

The next lemma is now immediate (see Figure 4).

Lemma 2.11. Let € C Z C Ty x T, be an i-transverse free face in a square o. If
we collapse o onto the face opposite to €, then the leaf space ¥; is unchanged and
the leaf space £; gets cleaved.

In fact this lemma can be used backwards to give a proof of Theorem 2.3. We will
sketch it, leaving the details to an interested reader familiar with folding sequences
[Bestvina and Feighn 1991; Stallings 1991; Dunwoody 1998; Kapovich et al. 2005].

Sketch of the proof of Theorem 2.3. Pick some vertex v € T; x T, and consider its
G-orbit. We can add finitely many connected G-orbits of edges to get a connected
G-complex Gv C6; C T} x T,. €; has leaf spaces £, &, which project onto T, T5.
The disconnectedness of the fibers of the projections p;|¢, : 61 — T; coincides with

-

/|

Lj

Figure 4. The effects of collapsing an i-transverse free face €: the
leaf space £; gets cleaved, &; remains unchanged. On the right
the j-leaves are drawn.
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the failure of injectivity of the projections &; — T;. By Lemma 2.11 (backwards)
adding a square can give a folding of one of the leaf spaces. Since the edge groups
of Ty, T, are finitely generated, and because adding all the squares of 77 x T, folds
&; to T;, it follows that the leaf spaces &; can be made to coincide with 7; after
adding finitely many G-orbits of squares. ]

3. The statement and proof of the main theorem

For this section we fix a collection # of subgroups of G. We let T, and T3 be
cocompact, minimal G-trees in which the subgroups in ¥ act elliptically. We further
require that edge groups of T, are infinite and finitely generated and that edge
groups of T3 are finite. Note that any nontrivial tree obtained by a collapse of
T has infinite edge groups whereas any collapse of T3 has finite edge groups.
It follows that T, and 7%, having no nontrivial common collapses, satisfy the
hypotheses of Theorem 2.3.

Theorem 3.1 (Main Theorem). Let # be a collection of subgroups of G and let Ty
and Tg be cocompact, minimal G-trees in which the subgroups in ¥ act elliptically.
Suppose furthermore that the edge groups of T are finite and that the edge groups
of T are infinite. Then there exists a vertex v € Vertices(Tw,) and a nontrivial,
cocompact, minimal G ,-tree Tv such that

(1) for every f € Edges(Tw) incident to v the subgroups G y < G, act elliptically
onT,, and

(ii) for every H € # and g € G the subgroup H8 NG, < G, acts elliptically on fv.
Moreover, either
(1) every edge group of fv is finite, or
(2) there is some edge e € Edges(Tw,), incident to v, that not only satisfies (i), but
also satisfies the following:
(a) G, splits essentially as an amalgamated free product or an HNN extension
with finite edge group.
(b) G, = G,, for some vertex v, € Vertices(Tv).
(c) The edge stabilizers of T, are conjugate in G to the vertex group(s) of the
splitting of G, found in (a); in particular, the edge groups of T, are < G,.
(d) The vertex groups of T, that are not conjugate in G, to G, are also vertex
groups of a one-edge splitting of G, with a finite edge group; in particular
these vertex groups of T, are < G,
An example of what happens in situation (2) is shown in Figure 7.

Proof. Let € be the core of T, x T5. The oco-leaf space ¥ is the tree T, and we
can see 6 as a tree of spaces (see [Scott and Wall 1979] for details) which is a union
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of vertex spaces t, for v € Vertices(T,) and edge spaces #«¢(t,) = 7. x [—1, 1]
for e € Edges(Tw) attached to the t, along the subspaces 7, x {£1}.

It may be that for some e € Edges(7T), the G.-trees 1, are not minimal. By Lem-
mas 2.9, 2.6, and 2.11, we can repeatedly G-equivariantly collapse co-transverse
free faces, so that after finitely many steps we obtain a shaved core €/, such that the
7, N €, are minimal G,-trees. Although the F-leaf space was cleaved repeatedly in
the shaving process given by Lemma 2.6, the oo-leaf space is unchanged. We still
write Loo = To.

We now construct a complex 6, C €, C 6, called the co-minimal core. Its princi-
pal feature is that for every v € Vertices(T») and e € Edges(T), the trees 7,N6 and
7, NG, are minimal G,- and G-trees, respectively. Define %gs (Te) = Heg (1) NEL.
We call J (t,) the @, -hypercarrier attached to a vertex space 1, in €;. Note that
7, N€;, naturally projects injectively into 7, as a minimal G-invariant subtree where
G, <G,. If T isa G-tree and H < G, denoting by 7' (S) the minimal S-invariant
subtree, we have T (H) C T(G). It therefore follows that all the 6/ -hypercarriers
attached to t, are actually attached to the minimal G,-invariant subtree of t,. By
Lemma 2.6, after finitely many equivariant spur collapses we can make the vertex
spaces T, into minimal G ,-trees. None of these collapses will affect the attached € -
hypercarriers #« (7.), and the leaf space £, = T is preserved. We have therefore
constructed 6, the oco-minimal core. Denote ¥, (7,) = ¢ (7o) N 6;. By what
was written above, ¥, (t,) = ¥« (te), and we now call He, (7,) a €5-hypercarrier.

For every k € Edges(T%), Gy, is finite, therefore a minimal Gy-tree is a point;
thus, by cocompactness and regularity, the trees t; € € have finite diameter and the
same must be true of every connected component of t; N 6. So, every connected
component of 7z N €, has a spur. It therefore follows that ‘6; must have an -
transverse free face € containing a spur of some connected component of 7, N6, for
some k € Edges(T%). Furthermore, the stabilizer Ge < G ;) is an edge stabilizer
of Ty, and therefore finite. This Z-transverse free face € must be contained in
some 1, N6, for v € Vertices(T). Suppose first that € was not contained in any
%,-hypercarrier attached to t, N6;. Then for every e > v in Edges(Ty,), G, fixes
some 6;-hypercarrier ¢, (7,) such that ¢ (t.) N7, = ‘L’:_ is contained in the
complement (7, N€;) \ G €.

Definition 3.2. Let 7 be a minimal G-tree and e € Edges(7). We denote by C (7', e)
the non-e-collapse of T, the tree whose edges are the orbit Ge C T and whose
vertices are the closures of the connected components of 7'\ Ge, with a vertex v
adjacent to an edge ¢’ in C(T, e) if and only if, viewed as subsets of T', ¢’ Nv # &.

It therefore follows that fv = C(1y NGs, €) is a tree with finite edge groups,
in which each G, < G, (e € Edges(T)) acts elliptically, and also conjugates of
groups in ¥ intersecting G, act elliptically. Thus (i), (ii) and (1) are satisfied.
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Otherwise, the free face € C 1, N €, is, by definition of a free face, contained in
exactly one 6s-hypercarrier ¥« (7.). We now construct the G,-tree T, satisfying
(2). This construction is illustrated in Figure 5. We first take the subset

7= (rv (e, (re)) n<,,
esv
i.e., T, N6 to which we attach all adjacent 6;-hypercarriers. Now the G ,-translates
of € are contained in the “6-hypercarriers ¥« (t¢.) for g € G,. For each such
%-hypercarrier we denote by Toe the connected component of 7, X {1} C e, (74.)
not contained in 7, N6, (see the top of Figure 5).

N 7, NG,

m
Y

K_; Ky € K,
V-1 Vo U1
Ve

Figure 5. Constructing i,. The top shows a portion of Z, the
middle shows the result of equivariantly collapsing the free face €,
and the bottom shows the corresponding oco-leaf space.

We now G ,-equivariantly collapse the square o D € onto the opposite side €,
obtaining a connected G ,-subset Z. C Z (see the middle of Figure 5). The resulting
intersection 7, N Z. consists of a collection of connected components {C; | i € I}.
Similarly, the G.-translates of € give connected components {K; |i € I} of 7.\ G€.
Because G, acts on C(1,, €), and by minimality of 7, N %, this action is also
minimal with one edge orbit. This gives us (a).

For every edge f € Edges(T) incident to v that is not in the G,-orbit of e,
the orbit G e does not intersect ¥« () N 7,. It follows that each such Gr < G,
stabilizes some component C;. We now detach from Z. all € -hypercarriers not
stabilized by a G,-conjugate of G, producing a G,-complex Z,. C Z, specifically

z=z.0(nu %@S(rge))

8€Gy
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Next, to get the G,-tree T,, we collapse each G,-translate of 7, to a vertex v,,
collapse each component C; to a vertex v;, and collapse each connected component
of G,-translates of ¥« (t,) N Z.. onto an edge connecting v, and the corresponding
vertex v;. This is illustrated at the bottom of Figure 5.

Equivalently, if we consider the co-leaf space corresponding to the union of the
“s-hypercarriers g¥ (z.) attached to 7, N6, for g € G,, then we have a tree of
radius 1, which is G,-isomorphic to {v} U (U 2€G, ge) C T. After equivariantly
collapsing the free face ¢, Lemma 2.11 gives us a cleaving of this radius 1 subtree
to the infinite tree 7, constructed above. See Figure 6. We note that if we took the
oo-leaf space of Z, i.e., had we not detached the other hypercarriers, the resulting
leaf space would be a tree with many spurs. The tree fv we obtain is a minimal
G ,-tree that satisfies (b) and (i).

Moreover, we note that by construction, every subgroup H¢ N G,, for g € G and
H € ¥, acts elliptically on T/U. So (i1) is satisfied as well.

Since 7, is G,-regular, the vertex stabilizers of C(t, , €) coincide with the
component stabilizers (G.)g, = (G,)k,. We also have (G,)c, N (Gv)r; = (Gy)k;
(again referring to the middle of Figure 5). It now follows that the edge stabilizers
of fv satisfy (c).

Finally note that the vertex groups of T, that are not stabilized by G,-conjugates
of G, are also the vertex groups of C(t,, €) (see the top of Figure 5). Finally, since
G, is finite, (d) follows. O

cleave
e
v
ge
fold

Vge

Figure 6. Equivariant collapsing free faces cleaves the leaf space
of Z/C to a tree T, with infinite diameter.

4. Splittings of virtually free groups

Another way to use Theorem 3.1 is to obtain cleavings of G-trees whose edge and
vertex groups are “smaller”. This will be used as the inductive step in our proof of
Theorem 1.6.

Corollary 4.1. Let T be a G-tree in which the subgroups ¥ act elliptically with
infinite edge groups, and let G be many-ended relative to #. Either some vertex
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/C|_sB,
A C B Theorem 3.1 /éL,'< \
*r—0 —)
Bl B \ /
oW up " Cg ~ B
C .
A Second construction A Cp By
— o
G B, Delete C,

Figure 7. An example of the effects of Theorem 3.1, Corollary 4.1,
and the second construction of the proof of Theorem 1.6 on a graph
of groups. The vertices and edges are labeled by the corresponding
vertex and edge groups. In all cases B; < B and C; < C.

v € Vertices(T') can be blown up to a tree with finite edge groups; or, there is an
edge e € Edges(T) such that we can blow up T, relative to ¥, to some tree f and
then collapse the edges in the orbit of e to points. The resulting tree T' can also
be obtained from T by equivariantly cleaving some edge e. If ¢’ € Edges(T") is a
new edge obtained by a cleaving of e, then G, < G,. Also, for each new vertex
v’ € Vertices(T"), there is some v € Vertices(T) that got cleaved such that G < G,

Furthermore, in passing from T to T' the number of edge orbits and the number
of vertex orbits does not decrease and increases by at most 1.

Proof. Suppose we are in case (2) of Theorem 3.1. Then some vertex v gets blown
up to T, and some vertex stabilizer of T, coincides with G,. Specifically T can
be obtained by deleting each blown up vertex v from 7 and then equivariantly
reattaching every edge incident to v to the corresponding vertex in fv.

In particular, if e € Edges(7) is an edge incident to v that satisfies (2) of
Theorem 3.1, then it is attached to the vertex v, € Vertices(fv). We obtain T’
by collapsing the G-orbits of e to points. This amounts to identifying the vertex v,
with the vertex u, € Vertlces( ) that is the other endpoint of e. From Figure 6 it is
clear that 7" is obtained by cleaving 7.

We finally note that in passing from 7" to T and then from T to T, the vertex
and edge groups are nonincreasing. Otherwise, the required properties of 7’ are
immediately satisfied by Theorem 3.1 (see Figure 7). O

Finally, we can give our description of the decompositions of virtually free
groups as amalgamated free products or HNN extensions.

Proof of Theorem 1.6. We prove this result by successively applying Corollary 4.1
until some desirable terminating condition is met. Virtually free groups have no
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one-ended subgroups, so we will always be able to apply our corollary; further-
more, virtually free groups are finitely presented. It now follows by Dunwoody
accessibility [Dunwoody 1985] that there are no infinite chains C; > C, > --- of
virtually free groups (recall Definition 1.3), and that all such chains must terminate
with finite groups.

First construction (pass to relatively one-ended vertex subgroups): Let T be a
G-tree with one edge orbit Ge with G, infinite. By accessibility, we may pass to
a tree T@ obtained by blowing up some vertices v of T to trees T, such that the
vertex groups of Tv are either finite or one-ended relative to the stabilizers G ; of the
incident edges f > v. If possible, we take 7" c T to be an infinite connected
subtree obtained by deleting edges with finite stabilizers, and we set GV = Grq),
the setwise stabilizer. Note that the vertex groups of 7! are < the vertex groups

of T', and vertex groups are one-ended relative to the incident edge groups.

Second construction (pass to smaller edge groups): The second construction
utilizes Corollary 4.1. If 7; is a G;-tree with one edge orbit whose vertex groups
are one-ended relative to the incident edge groups, we first apply Theorem 3.1 to
blow up a vertex v € Vertices(7;), and find ourselves in case (2) of the theorem. If
T, has a finite edge group then G, is not one-ended relative to the incident edge
groups, contradicting our assumption. By Corollary 4.1 we can collapse an edge of
the blowup of 7; to get a cleaving 7} that has at most two edge orbits, with edge
groups < the edge groups of 7;. The new vertex groups are also < the old vertex
groups. If there are two edge orbits, then we obtain 7; 1 C T} as a maximal subtree
containing only one edge orbit and set G; 1 = (G;)r,,,, the setwise stabilizer. (See
Figure 7.) If T’ already has only one edge orbit then 7;;; = T; and G, = G;.

In both constructions, we pass to subgroups that split as graphs of groups such
that the edge groups and vertex groups are < the edge and vertex groups of the
original splitting of the overgroup.

We start with the amalgamated free product case. Let T = T be the Bass—Serre
tree corresponding to the splitting given in (1) of the statement of Theorem 1.6.
Take the blowup To(z) obtained from the first construction. If one of the vertex
groups of this blowup coincides with an incident edge group then we are done.
Otherwise, we may pass to the G(V-tree TO(I), which still has one edge orbit and
two vertex orbits, and whose vertex groups are one-ended relative to the incident
edge groups. Furthermore, because the new vertex groups are < the vertex groups
of T, if the statement of the theorem holds for G and the splitting corresponding
to its action on To(l) (which is also an amalgamated free product), then the statement
also holds for G and the splitting corresponding to its action on 7.

We can now apply our second construction to the G(()l)—tree To(l) to obtain a G-
tree 77, which again must have one edge orbit and two vertex orbits. Furthermore,



ON THE ONE-ENDEDNESS OF GRAPHS OF GROUPS 477

for the (conjugacy class of the) edge group, we have a proper containment C; < C.
Again, because the vertex groups of 7] are < the vertex groups of To(l), if the
Theorem holds for this subgroup, it holds for G.

We repeatedly apply our construction, thus obtaining a sequence of groups that
split as amalgamated free products. With each iteration of the second construction,
we pass to a smaller edge group. Hence, by accessibility, eventually there is a
subgroup G; acting on Tl.(z) (see the first construction) such that the vertex groups
split as graphs of groups with finite edge groups and one of the incident edge
groups coincides with the vertex group. Since < is transitive, (1) of Theorem 1.6 is
satisfied.

We now tackle the HNN extension case. The proof proceeds in the same way.
We repeatedly blow up, cleave, and pass to subtrees, the main difference being that
the G-tree T has only one vertex orbit. If at some point one of the trees 7; or Tl.(l)
has two vertex orbits, then these vertex groups are vertex groups of a splitting of
the vertex group of 7;_; with finite edge groups. It follows that if 7; satisfies (1) of
Theorem 1.6, then 7;_; satisfies (2) of Theorem 1.6, and thus by transitivity of <,
so must our original splitting 7. Otherwise, the proof goes through identically. [J
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ON THE STRUCTURE OF VERTEX CUTS
SEPARATING THE ENDS OF A GRAPH

GARETH R. WILKES

Dinic, Karzanov and Lomonosov showed that the minimal edge cuts of a
finite graph have the structure of a cactus, a tree-like graph constructed
from cycles. Evangelidou and Papasoglu extended this to minimal cuts sep-
arating the ends of an infinite graph. In this paper we show that minimal
vertex cuts separating the ends of a graph can be encoded by a succulent, a
mild generalisation of a cactus that is still tree-like. We go on to show that
the earlier cactus results follow from our work.

1. Introduction and definitions

Lying on the boundaries of several topic areas, vertex and edge cuts of graphs have
been considered by graph theorists, network theorists, topologists and geometric
group theorists, and the study of their structure has led to applications ranging from
algorithms to classical group theoretic propositions.

Vertex cut pairs of finite graphs were studied by Tutte [1984], who showed that
a graph possessing such cuts can be modelled with a tree. This was extended to
infinite, locally finite graphs in [Droms et al. 1995]. Dunwoody and Krén [2015]
then extended this work to cuts of other cardinalities, using vertex cuts to associate
structure trees to graphs in a more general context.

This process of finding trees associated to graphs gives a way into geometric
group theory. If, for instance, we find a structure tree for the Cayley graph of a group,
then in light of the work of Bass and Serre [Serre 1980], we can obtain information
about the group from its action on the tree. An example is Stallings’ theorem [1968]
on the classification of groups with many ends. The work of Dunwoody and Kron
[2015] and of Evangelidou and Papasoglu [2014] yields more proofs of Stallings’
theorem along these lines.

Dinic, Karzanov and Lomonosov [Dinic et al. 1976] showed that minimal edge
cuts of a finite graph have, in addition to a tree-like nature, the finer structure
of a cactus graph. For a recent elementary proof, see [Fleiner and Frank 2009].
Evangelidou and Papasoglu [2014] extended this, encoding all minimal edge cuts
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separating the ends of an infinite graph by a cactus. The important stages in these
proofs involve showing that certain collections of “crossing” cuts have a circular
structure. In this paper we switch our attention to vertex cuts, showing that we
can encode all minimal vertex end cuts of a graph by a tree-like structure called
a succulent, which is a mild generalisation of a cactus. A traditional cactus is
composed of cycles joined together at vertices in a tree-like fashion. For our
succulents, we also allow cycles to attach along a single edge, again in a tree-like
way. Once again the key step is to show that crossing cuts have a cyclic nature.

We will also show how the earlier cactus theorems can be regarded as special
cases of our work, and discuss an application to certain finite graphs.

Let I' = (V, E) be a connected graph. If K C V is a set of vertices of the graph,
we denote by I' — K the graph obtained from I' by removing K and all edges
incident to K. K is called a vertex cut if K is finite and I — K is not connected. If
A, B C T then we say K separates A and B if any path joining a vertex of A to a
vertex of B intersects K.

A ray of I is an infinite sequence of distinct consecutive vertices of I". We say
that two rays ry, rp are equivalent if for any vertex cut K, all vertices of r; Urp
except finitely many are contained in the same component of I' — K. The ends of I"
are equivalence classes of rays. If K is a vertex cut of I', we say K is an end cut
if there are at least two components of I’ — K which contain rays. We say that an
end cut is a mincut if its cardinality is minimal amongst end cuts of I'. A mincut
is said to separate ends e, e; of a graph if there are rays ry, r, representing e;, e
respectively such that ry, rp are contained in different components of I' — K. A
mincut gives a partition of the set £ of ends of the graph. Two mincuts are called
equivalent if they give the same partition of £. We denote the equivalence class of
a mincut K by [K], and write K ~ L if K, L are equivalent.

A succulent is a graph constructed from cycles by joining cycles together at
vertices or at single edges, in a “tree-like” fashion. We give a more formal definition
of this as Definition 8.1 below. An end vertex of a succulent is one incident to at
most two edges. We now state the main theorem of the paper.

Theorem 8.2. Let I be a connected graph such that there are vertex end cuts of T’
with finite cardinality. There is a succulent S with the following properties:

(1) There is a subset A of vertices of S called the anchors of S. If two anchors
are adjacent, one of them is an end vertex of the graph. Every vertex of S not
in A is adjacent to an anchor. We define an anchor cut of S to be a vertex cut
containing no anchors which separates some anchors of S. We say anchor
cuts are equivalent if they partition A in the same way.

(2) There is an onto map f from the ends of T to the union of the ends of S with
the end vertices of S which are anchors.
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(3) There is a bijective map g from equivalence classes of minimal end cuts of T
to equivalence classes of minimal anchor cuts of S such that ends e, ey of T
are separated by [K] if and only if f(e1), f(e2) are separated by g([K]).

(4) Any automorphism of T induces an automorphism of S.

2. Preliminaries

Definition 2.1. Given a mincut K, we call a component of ' — K proper if it
contains an end, and a slice if not. Given a set of vertices C, its boundary dC is the
set of those vertices not in C but adjacent to a vertex of C; and C* =V (I")—(CUJC).

It will be convenient to assume our graph contains no slices. In the following
lemmas we show that we can do this by replacing I' with another graph I" which
has the same ends and cuts, but no slices. The results in this section are adapted for
our needs from more general results proved by Dunwoody and Kron [2015].

Lemma 2.2. Let K, L be mincuts and C, D proper components of I' — K, " — L.
Suppose that both C N\ D and C* N D* contain an end. Then 9(C N D), 3(C* N D*)
are mincuts,

I(CND)y=(CNLYUKNL)U(KND),
AI(C*ND*)=(C*NL)U(KNL)U (K ND¥),

and
[CNL|=|KND*,

IDNK|=|LNC*.
Proof. The boundaries d9(C N D), d(C* N D*) are certainly end cuts, with
3(CND)C(CNLYUKNL)U(KND),
IC*ND*) C(C*NLY)U(KNL)YU(KND").

Consider the following diagram (see Figure 1), where a, b, ¢, d, u denote the
cardinalities of the indicated sets. Let n be the cardinality of a mincut.

Then
a+c+u=n,

b+d+u=n.
Since (CNL)U(KNL)U(KND)isan end cut, we have
d+a+u=>n,

and similarly
b+c+u=>n.

Summing these and comparing with the equalities above, we find them to be
equalities; it follows thata = b, c = d. U
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D* b

Ll v Ve

cC K C*
Figure 1. Diagram for Lemma 2.2.

An analogous result holds when C* N D, D* N C both contain ends.

Lemma 2.3. If C, D are proper components of cuts K, L then there is a proper
component of I' — K containing C* N L.

Proof. Since K, L are end cuts, one of the pairs {CND, C*ND*}, {C*ND, CND*}
both contain ends. Let A be the appropriate one of C* N D*, C* N D. Then using
Lemma 2.2, A is a mincut. Let E be a component of A containing an end; then
dE = 0A is amincut. Let Cj be the component of C* containing E. By Lemma 2.2
every vertex x € C* N L is adjacent to E, so x € Cj and C*NL C Cj. (]

Lemma 2.4. A slice component of a mincut has empty intersection with each
mincut. Distinct slices are disjoint. If Q is a slice, then no pair of elements of 0 Q
are separated by any mincut.

Proof. Let Q1 be a slice component of I' — K for a mincut K and let L be a mincut,
with a proper component D of I' — L. By Lemma 2.3, there is a proper component
of I' — K containing C* N L, and C, a proper component, contains C N L. Q is
disjoint from both of these, so Q1 NL = &.

Suppose Q5 is a slice component of I' — L. We have 00, C L, dQ; € K, and
hence Q1 N3 Q>, O>NadQ are both empty. The components Q, Q» are connected,
so this implies that they are disjoint or equal.

Finally suppose x, y € dQ for a slice component Q of I' — K and x, y are
separated by a mincut L. The slice Q is connected so there is a path in Q from x
to y, which must intersect L, but we have seen this is impossible. O

We will now show how to replace I" with another graph I" which has the same ends
and cuts, but no slices. The vertex set V of T' consists of those vertices of I" which
are contained in no slice. Two vertices u, v € V are joined by an edge in I if and only
if they are joined by an edge in I" or if u, v lie in the boundary of some slice of I'.

Lemma 2.5. The graph [ is connected and the mincuts of [ are the same as the
mincuts of I'. There are no slices in I'. The ends of T are in bijection with the
ends of T.

Proof. First we show that if K is a mincut and C is a proper component thereof,
then 0C, the boundary of C = C N T as a subset of I, is equal to K.
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Suppose there is x € dC—K.IfxeCthenx e C,soxeC* Alsox € dC so
there is y € c adjacent to x in I". Then there is an edge from x to y in I, but not
in I'; so x, y lie in the boundary of some slice Q of I'. By Lemma 2.4, KN Q = &.
The slice Q is connected, and Q intersects C (at y), so Q € C. We then have a
path from x to y in I which is contained in Q except for its endpoint x, which is a
path from C* to C not intersecting K, a contradiction.

Suppose there exists x € K — 3C; x has a neighbour y in C — C. Then y is
contained in a slice component Q of I' — L for a mincut L. If K = L then C, Q
are disjoint; but y e CN Q. So K # L and since Q € C (Q does not intersect K
but does intersect C), there is z € CNdQ € CN L. Now z is not in any slice, so
z € C. Then x, z are adjacent in [butzeC,x ¢ C UJC, a contradiction.

Let us discuss the ends of I". By definition, slices contain no rays. Thus if r is
any ray in I, we can form a new ray in r by deleting any vertices in a slice; the
extra edges added in the construction of I" will ensure that this is a bona fide ray.
If two rays are separated by a (not necessarily minimal) end cut K in I', then the
union of K NV (I") with the boundaries of any slices intersecting K gives an end cut
separating the images of the rays in I. Similarly, if two rays in [ are separated by an
end cut K in I, then taking the union of K with any slice boundaries intersecting K
gives an end cut separating the same rays in I'. It follows that the ends of I are in
a natural bijection with those of I".

The end cuts of I" inherited from mincuts of I" are indeed the minimal end cuts
of I'. Suppose K is an end cut of I" which is not also an end cut of I". Then two
proper components of ' — K are connected in T". A path between them can only
not intersect K if it passes through a slice Q; but points on the boundary of Q
are connected in I" so we get a path between the two components in I as well,
a contradiction. So all mincuts of I" are mincuts of I" as well, and the notion of
minimality carries over to I too.

Finally, there are no slices in I". Let C be a component of I' — K for a mincut K
of I (equivalently of I'). Let C’ be the component of I' — K containing C. Now C’
cannot be a slice as it intersects V(f). So C’ contains an end of I", whence from
above so does C. So C is not a slice. O

For the rest of the paper we replace I' with I'. As we have seen, the ends and
cuts of the two graphs are the same, and this is all the structure with which we are
concerned, so we lose nothing by doing this. All components of a cut are now proper.

We now start to prove some basic properties of mincuts, putting restrictions on
cuts which “interact” with each other in some sense, and showing that a mincut
does not interact with any but finitely many other mincuts. We first define what it
means for cuts to not interact with each other. We are still following Dunwoody
and Kron [2015] here, with some minor modifications.
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Definition 2.6. Two cuts K, L are called nested if there are components E, F of
' — K, T"' — L respectively with E C F or F C E.

Note that if K, L are nested and not equal with say £ C F then all components
of I' — L except F are contained in the same component of I' — K. This follows
since there is an element of L in E*, and by minimality all components of I' — L
except F' are connected to this vertex by paths which do not intersect F' U L, and
hence do not intersect £ U K. Note also that these components are still connected
in I' — K by similar reasoning. Conversely, all components of ' — K except one
are contained in F.

Definition 2.7. A mincut is called an A-cut if it is nested with all other mincuts. It
is called a B-cut if it separates I' into exactly two components.

Lemma 2.8. A mincut is either an A-cut or a B-cut.

Proof. Let K be a mincut which is not an A-cut. Then there is a mincut L with
which K is not nested. Let C be a (proper) component of I' — K and D a (proper)
component of I' — L. By Lemma 2.3, there is a component Cj of C* containing
C* N L. We wish to show this is the only component of C*. If there is another
one C} then C{ N L is empty; C| is connected so C{ € D or CT € D*. In the first
case, K, L are nested; so the second one happens no matter which component C7
we choose. So DN C* C Cjj. Also, K = 0C} by minimality, so Cj € D* implies
KND=@. Then D C C or D C C* (whence D C Cy); in either case, K and L
are nested. This is a contradiction, so K is a B-cut. |

We call a set S of vertices a tight x-y-separator if I' — § has two distinct
components A, B which are adjacent to all elements of S, with x € A, y € B.

Lemma 2.9. For each integer k and every pair x, y of vertices of a graph, there
are only finitely many tight x-y-separators of order k.

Proof. We proceed by induction. If we take a path from x to y, any tight
x-y-separator of order 1 would have to be a vertex on this path, so there are
only finitely many of these.

Suppose the lemma holds for all tight x-y-separators of order k in all connected
graphs. Take a path 7 from x to y in a graph I' and suppose there are infinitely
many tight x-y-separators of order k 4+ 1 > 2. Then there is a vertex z € m — {x, y}
which is contained in infinitely many of these separators. If S;, S, are distinct such
tight x-y-separators of order k 4+ 1 in I" then S — {z}, S» — {z} are distinct tight
x-y-separators of order k in I" — {z}, so there are infinitely many of these, giving
the required contradiction. ([

Lemma 2.10. A mincut is nested with all but finitely many mincuts.
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Proof. Suppose K is a mincut and L is a mincut not nested with K. By Lemma 2.8
both K, L are B-cuts, with components C;, C; of ' — K and Dy, D, of ' — L. If
L N Cy was empty then by connectedness C; € D; or C; € D, both of which
would imply that K, L were nested. Similarly none of Co;NL, DN K, DN K are
empty. Then L is a tight x-y-separator for some x € K N Dy, y € K N D,. There
are only finitely many such separators for each pair x, y and only finitely many
elements of K, so only finitely many such L are possible. U

3. Crossing cuts

The complexity in the structure of mincuts comes from so-called “crossing” cuts,
which we now define.

Definition 3.1. Let K, L be mincuts. Let £ be the set of ends of I, and let £ =
KOUK®y...uk® e=LOyL@ . ..uL® be the partitions of £ givenby K, L
respectively. We say [K1, [L] cross if, possibly after relabelling, K N LY) £ &
fori, j =1,2. We write K + L.

The following is a direct consequence of Lemma 2.8, having removed slices
from our graph.

Lemma 3.2. If [K], [L] cross then I’ — K, I — L have exactly two components.

Later we will show that crossing mincuts possess a cyclic structure. Initially,
however, we shall just consider two or three crossing cuts.

Lemma 3.3. Let [K], [L] be crossing classes of mincuts. Let ' — K = C; U Cy,
I'—L=DyuD; Then|CiNL|=|C;NL|=|DiNK|=|DNK]|;ie, KUL
splits into four equal pieces, plus the “centre” U = K N L.

Proof. This follows from two applications of Lemma 2.2. (I

In the case of edge cuts, one can also show that the centre K N L is empty, but in
the case of vertex cuts this fails to be true. As we will show in Lemma 3.5 below,
the centre is in some sense distinguished, but this result must wait until we have
placed some restrictions on the division of a graph produced by three cuts.

Let K, L, M be mincuts with K crossing L and L crossing M, and let C; L C3,
DU D;, E{UE; be the components of ' — K, I' — L, ' — M respectively. A priori,
these three cuts could divide I'" into eight components each containing an end. The
natural diagram with which to illustrate this would be a suitably divided cube. To
produce this in 2D we divide the cube into three slices as shown in Figure 2.

We now rule out certain arrangements of ends of the graph.

Lemma 3.4. It is not possible for each of C\ND\NE, CoNDNE,, CoNDyN EY,
C1 N Dy N E5 to contain an end (or any arrangement obtained from this by rela-
bellings).
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Ci 1M | i
L ()] () ()]
C, ] ] ]
E, M E,
D, L D,

Figure 2. The notation shows that, for example, (1)is CiND1NE»
and 2)isCoN D, N M.

Proof. Denote by a, ..., u the cardinalities of the various subgraphs as shown in
Figure 3; the ¢; indicate the presence of ends.
Let n be the cardinality of a mincut. Then |K|=|L| = |M| =n, so

n=a+c+l+j+m+p+r+t+u,
n=e+f+g+h+qg+r+s+t+u,
n=b+d+i+k+m+p+q+s+u.

We also have an end cut separating each ¢; from the others; these yield, in order,
n<a+b+e+m+qg+t+u,
n<c+d+g+m+r+s-+u,
n<k+l+h+p+s+t+u,
n<i+j+f+p+tqg+r+u.

Summing these four, we have

dn<(@+c+l+j+m+p+r+t+u)+(e+f+g+h+qg+r+s+t+u)
+OG+d+i+k+m+p+g+s+u)tu

=3n+u,
whence u = n, everything else vanishes, and K = L = M, each separating the graph
into at least four components, contradicting Lemma 3.4. (]
i e ]2 e 211 B
Klal m |c t ( u ) r l ( P ) J
G 7 € h \s_/ g €3 7
E, M E
D, L D,

Figure 3. Diagram for Lemma 3.4.
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G| e | e 1] f & | 1]
K |a ( m ) c Z u [ l ( p ) J
G 7 €2 h T 8 \];/ €4
Ey, M E,
D, L D,

Figure 4. Diagram for Lemma 3.5.

Note that this result implies that the three cuts split the graph into at most
six components containing ends. Since K crosses L, there are at least four such
components. A quick exercise in filling in corners with ends subject to the crossings
and Lemma 3.4 shows that, following relabellings, C; " D; N E{, Co N D1 N Ey,
CiNDyNE;, CoN DyN E; all contain ends (with possibly other corners also).

Lemma 3.5. Let K, L, M be mincuts with K crossing L and L crossing M (in
particular, if K is equivalent to M). Then KNL=LNM,and LNC;=LNE,
LNCy=LNE>,.

Proof. Retain the notations of the previous lemma and see Figure 4. Again since
K, L, M are mincuts,

n=a+c+l+j+m+p+r+t+tu,
n=e+f+g+h+q+r+s+t+tu,
n=b+d+i+k+m+p+q+s+u,

and again, considering end cuts separating a corner containing an end €; from the
others, we have
n<a+b+e+m—+q+t-+u,

n<c+d+g+m+r+s+u,
n<i+l4+e+p+qg+t+u,
n<j+k+g+p+r+s+u.
Summing these,
dn<@+c+l+j+m+p+r+t+u)+Ob+d+i+k+m+p+qg+s+u)
+2e+2g+qg+r+s+t+4+2u
=2+ f+g+h+g+r+s+t+u)+2n—-2f-2h—q—r—s—t
=4n—-Q2f+2h+qg+r+s+1),
whence f=h=qgq=r=s=t=0,sothat KNL=LNM. U
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Lemma 3.6. A cut is crossed by at most finitely many cuts.

Proof. If two cuts cross they are not nested, so this lemma follows directly from
Lemma 2.10. g

4. Half-cuts

It follows from the last section’s results that each mincut in a crossing system can be
decomposed into three pieces; two “half-cuts” and a “centre”. We now prove some
facts about these half-cuts, which enable us to arrange the half-cuts on a circle.

Definition 4.1. If K, M are mincuts (more properly, classes of mincuts under ~,
but we will often pass over this technicality), we write K # L if there are mincuts
K=Ly,Ly{,...,L,=M suchthat Lo+ L +----+ L,; that is, L crosses L1, L
crosses Ly and so on. Ly may or may not cross L,. Note that # is an equivalence
relation on ~-classes of mincuts, decomposing these into equivalence classes, which
we call #-classes.

By Lemma 3.5, elements K of a #-class have a unique decomposition K =
K{UUUK,, where if K+ L then KNL =U and K, K are in different components
of I' — L. From the same lemma, this U is the same for all cuts in the #-class; we
call it the centre of the #-class. Also, | K| = |K>| and this cardinality is again the
same across the class. The K; are called the half-cuts of the #-class. We now prove
a series of lemmas clarifying the structure of a #-class and its half-cuts.

Lemma 4.2. If K, M are mincuts in the same #-class then either K + M or there
is an L in this #-class such that K + L + M thatis, K + L and L + M.

Proof. By definition we have a sequence of cuts K = Lo, Ly, ..., L, = M such
that Lo+ L+ - -+ L,. Take a shortest such sequence, and suppose n > 3. We will
show we can find a shorter sequence. Without loss of generality we can assume
n=3. Letf = LEI) U Ll@ be the partition induced by L;. The fact that K does not
cross Ly, and similar facts, give us, after relabelling,

KO cLd LPck®

MO c LEZ)’ Lgl)C M(l)’
whence the crossings give us that each of M@ NK® MO NKD MO AKD is
nonempty. Hence K + M unless M@ N KD is empty, and hence KV € MD . 1t
is this that allows us to place the ends €3, €¢ in Figure 5, and hence to conclude that

K+ (L1 UU U Ly)+ M, where for instance L1 is the half-cut of L; lying in the
K®_component of I' — K. ([

Corollary 4.3. There are only finitely many cuts in a #-class and hence only finitely
many half-cuts.
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KO
K

K@

€]

€2
(1 (2
L,” L, L,
L
€5
L —

E

€3

€6

€4

(

E

€3 ] €6
MDY M O M®
L

€7

L,

€3

@
L 2

Figure 5. Diagram for Lemma 4.2. The cut L,; UUU Ly, is shown
shaded in both diagrams.
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Lemma 4.4. Let K1, M| be half-cuts in the same #-class. Then K; UU U M| is
a mincut if and only if there are mincuts K', M’ containing K, M\ as half-cuts

respectively such that K' + M’.

Proof. One direction is clear. For the other, pick K, M, such that K = K;UU UK>,
M = M, UU U M, are cuts in this #-class. Then either K + M, in which case we
are done, or there is L such that K + L + M. Now K; U U U M, is a cut; hence we
have €5 in Figure 6. Then K1 UU U M;, K, UU U M| cross.

O

Definition 4.5. Two half-cuts K, L in the same #-class are equivalent if whenever
K> is a half-cut such that K; UU UK is a mincut, then L; UU U K> is an equivalent
cut and vice versa.

C
K

G

Figure 6. Diagram for Lemma 4.4. The cut K UU U M, is shown shaded.

€]

(

)

|

1%

€5 ] €
E,2 M E,
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%)

)|

€3

L

€4

D,



490 GARETH R. WILKES

Ci| & | | i %] €3 ]
sl () el )e () m
C, 1 e o [5] T e
E\ L, E L,
D, N D,

Figure 7. Diagram for Lemma 4.6.

Two half-cuts K, L in the same #-class are quasiequivalent if there is a half-
cut K, such that K1 UU U K3 is a mincut and L; U U U K is an equivalent cut.

Lemma 4.6. If two half-cuts K, M| form a cut then they are not quasiequivalent.

Proof. Let K = K1 UU U M be the cut formed by hypothesis. Let L be some
other half-cut; we will show that K; UU U L is not equivalent to L U U U M, as
cuts, and hence that K, M| are not quasiequivalent. Let L, be a half-cut such that
L =L;UUULj isin the #-class. If L + K then the result is clear. If not, there is a
mincut N such that K 4+ N + L; without loss of generality take K, L; to be in the
same component of I' — N. Then L; UU U M| is a cut, and from Figure 7 we see
that either K1 U U U L, is not an end cut or it is not equivalent to L; UU U M. [J

Lemma 4.7. Let K = K1 UU U K> be a cut in the #-class and let M be a half-cut
in the same class not quasiequivalent to either K1, K. Then there is M such that
M1 UU UM, is a cut crossing K. Hence K1 UU U My and K, UU U M, are cuts.

Proof. Let M3 be a half-cut such that M = M; U U U M, is a cut of the class; see
Figure 8. If K + M, we are done. Otherwise, there is a cut L with K + L+ M. After
possibly relabelling the K;, we can assume that K|, M; are in the same component
of ' — L. If there is an end in C; N Dy N E, then M; UU U L is a cut crossing K.
If there is an end in C; N Dy N Ey then M; UU U L is a cut crossing K. If neither
of these happens, then K, U U U M is equivalent to K, UU U K1, a contradiction

Ci| e | | L 9| o & |
al () =l el [0 e
C, | e a \; L, T e
E, My E, M,
D, N D,

Figure 8. Diagram for Lemma 4.7.
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C|ea | | X E\ @ € | |
K () o[ )e L)
Gl X[ e o [5] | e
Ei L E, L,
D, N D>

Figure 9. Diagram for Lemma 4.8.

(we note that these cuts are genuinely equivalent, since the presence of “links” such
as L guarantees that ends which appear to be connected up really are). O

Lemma 4.8. Quasiequivalence is an equivalence relation. If K1, L| are quasi-
equivalent and L, is a half-cut such that Ly U U U Ly is in the #-class then
KiUUULy~LiUUUL,.

Proof. Let K; be such that K = K; UU U K3 is in the #-class; see Figure 9. The
cut K does not cross L = L UU U L, since in this case K; UU U L would be a
cut, so K, L are not quasiequivalent by Lemma 4.6, giving a contradiction. Then
there is an N such that K + N + L. Again, K; UU U L is not a cut, so there are no
ends in certain corners as indicated. Then K, UU U L, ~ L1 UU U L, as required,
noting again that ends which appear connected actually are so that the cuts are
genuinely equivalent.

As for quasiequivalence being an equivalence relation, it is clearly symmetric
and reflexive. If M| is another half-cut quasiequivalent to L, then by the above

K1UUUL2NL1UUUL2NM1UUUL2,
so K1, M; are quasiequivalent. |
Lemmad4.9. Let K = K{\UUUK); be a cut in the #-class and let L, M| be half-cuts

in the same class not quasiequivalent to K, K,. Then either L1 UU U M| is a cut
crossing K or L1, M| are contained in the same component of I' — K.

Proof. By Lemma 4.7, we can complete L to a cut crossing K, so that L separates
some ends of a component of I' — K, and it works similarly for M;. If the two
half-cuts are in different components, then L1 UU UM is a cut crossing K provided
it separates I' — K into two components, as indeed it must. ([

5. Separation systems

We now turn our attention to demonstrating that the half-cuts of a system have a
cyclic structure. We will do this by showing that they satisfy a certain axiomatic
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system, which implies that they can be arranged cyclically in a fashion compatible
with their cut structure. This axiomatic structure is taken from [Huntington 1935].

Definition 5.1. A separation relation on a set Z is a relation R C Z* satisfying the
following axioms. We write abcd if (a, b, c,d) € R.

(1) If abcd then a, b, ¢, d are distinct.

(2) There are a, b, c, d such that abcd, i.e., R # &.

(3) If abcd then beda.

(4) If abcd then —(abdc).

(5) There are a, b, ¢, d such that abcd and dcba.

(6) If abcd and x € Z is another element then either axcd or abcx.
Lemma 5.2. Let Z be a set equipped with a separation relation. Then

(1) if a,b,c,d € Z are distinct, then at least one of the twenty-four tetrads
abced, abdc, . .., dcba is true,

(2) ifabcd then dcba,

(3) ifabxc and abcy then abxy,

(4) if abcx and abcy then abxy or abyx,
(5) ifabcx and abcy then acxy or acyx,

where in the last three statements distinct letters are assumed to represent different
elements of Z.

Proofs can be found in [Huntington and Rosinger 1932] along with further similar
propositions.

Lemma 5.3. Let Z be a finite set with a separation relation. For each z, there are
unique a, b such that for all c € Z — {z, a, b}, we have azbc. We call these the
elements adjacent to z.

Proof. We approach existence by induction. For | Z| =4, the result is trivial. Assume
it is true for all separation relations with |Z| = n, and suppose |Z| =n + 1. Remove
an element d of Z not equal to z to leave a smaller separation relation, and let a, b
be the elements adjacent to z in this new relation, so that for all c € Z —{z, a, b, d},
we have azbc.

By Lemma 5.2, one of azbd, adzb, azdb holds. If azbd holds then a, b are adja-
centto z in Z. If not, without loss of generality, azdb. We claim a, d are adjacent to z
in Z. By Lemma 5.2 above, if c € Z —{z, a, d, b} then azdb and azbc imply azdc.

For the uniqueness part, suppose there are two such pairs ay, by, az, by. If any
of these coincide we have an immediate contradiction to part (4) of the definition of
the relation. So suppose they are all distinct. Then a;zbias, ajzb1b, imply ayzarbr
or ajzbras, both of which contradict ayzbsa;. O
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Lemma 5.4. Let Z be a finite set equipped with a separation relation. Then there is
amap F : Z — S' such that for a, b, c,d € Z, abcd if and only if F (b) and F(d)
lie in different components of S' — {F (a), F(c)}; i.e., Z is isomorphic to a finite
subset of the circle under its natural separation relation.

Proof. We will proceed by induction. Pick an element z € Z and take a separation-
preserving map F : Z — {z} — S'. By the previous lemma, there are elements a, b
of Z adjacent to z. We will map z to the circle by placing it between F(a), F(b),
but first we must show these are adjacent on the circle. If not, there are c, d so
that F (a) F(c) F (b) F(d), whence achd. But azbc, azbd imply abced or abdc, both
contradicting acbd. So F (a), F (b) are adjacent on the circle, and we can define
F:Z — S' by setting F = F on Z — {z} and F(z) to lie between F (a), F (b) on
the circle.

A full proof that this F' works would be lengthy and uninformative, so we just
indicate the main steps; the remainder is just use of axioms and Lemma 5.2. We
inherit from F that any relations not involving z are preserved. Let zA BC be another
relation and suppose A, B, C are distinct from a, b; the other cases are easier. Then
we have azbA, azbB, azbC, zABC from which we deduce aABC, bABC. These
relations carry over to the circle under F, as do azbA, azbB, azbC by construction.
From these relations on the circle, we then find F(z) F(A)F(B)F(C). O

Definition 5.5. Let Z be the set of quasiequivalence classes of half-cuts of a #-class.
We define a separation relation R on Z by setting (a, b, ¢, d) € R if and only if
ac + bd, where ac denotes the cut K1 UU U L and K, L are representatives
of a, ¢ and so on.

Lemma 5.6. This is well-defined; i.e., it does not matter which representatives of
quasiequivalence classes we choose. Furthermore, it is a bona fide separation
relation.

Proof. Well-definedness follows immediately from Lemma 4.8. Parts (1)—(5) of
the definition of a separation relation are trivial. For part (6), by Lemma 4.9 either
abcx or b, x are in the same component of I' — ac; and either axcd or x, d are in
the same component of I' — ac. But b, d are in different components of I' — ac so
one of abcx, axcd holds. O

Hence we have:

Proposition 5.7. To each #-class we can associate a cycle where each vertex
represents a quasiequivalence class and each cut of the #-class is associated to a
vertex cut of the cycle, with the notions of crossing preserved.
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6. The structure of a #-class

We are now in a position to characterize the structure of a #-class. Let [K], denote
the quasiequivalence class of a half-cut K. From Proposition 5.7, there are two
quasiequivalence classes adjacent to [K], in this #-class. If L is a half-cut in the
#-class not in [ K ], or either quasiequivalence class adjacent to it, then Lemma 4.8
implies that

KiUUUL, ~KUUUL,

for all K| € [K1],. So only the two quasiequivalence classes adjacent to [K], can
contain Ly such that K = Ky UU UL and K’ = K{UU U L, are not equivalent
for K| € [Ki],.

How can these cuts be nonequivalent? We recall that by minimality every
component left by a mincut is connected to every element of that cut. Thus in the
“larger component” left by the cut, i.e, the one containing half-cuts in the same
class, every vertex is connected to the half-cuts in this “component”, which is thus
genuinely connected. Thus one part of the partitions induced by K, K’ is the same.
The others can only differ if at least one of the cuts splits I" into more than two
parts, and hence splits the “smaller” component into more than one part. Suppose K
intersects one of the smaller components of I' — K’. Then each end not in the larger
component of I' — K’ is connected to each vertex of the part of K in the smaller
component; hence K’ splits I' into exactly two components. If K does not intersect
one of the smaller components of I' — K, then since K # K’ and K, K’ have the
same cardinality, K’ intersects one of the smaller components of I' — K, whence K
splits I" into exactly two components.

Hence, having chosen L1, there are at most two equivalence classes of cuts
formed from L; and [K],. By symmetry, there are at most two equivalence classes
of cuts formed from K; and [L;],. From these discussions, it follows that for
each quasiequivalence class adjacent to [K],, there are at most two equivalence
classes of cuts formed by these two classes; one producing a split of I" into two
components, the other more. Hence there are at most four equivalence classes of
half-cuts within [K],.

We now define the structure by which we model the #-class. For edge cuts
this would be a simple cycle, but here we need extra complexity to deal with the
possibility of splitting the graph into more than two components.

Definition 6.1. A ring is constructed as follows. Take a finite cycle of vertices and
attach to each edge some number of triangles by identifying an edge of the triangle
with the edge of the cycle. The vertex of the triangle not included in the original
cycle is called an anchor; see Figure 11.
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_A

Figure 10. A 3-vertex connected to two 1-vertices, and the
schematic representation of this.

Definition 6.2. An n-vertex will be a copy of the complete graph on n vertices;
we will say it is connected to a vertex if there is an edge from the vertex to each
constituent vertex of the n-vertex. We will depict a 3-vertex as a triangle and only
draw one edge from it to each vertex to which it is connected; see Figure 10.

We now associate to each #-class an appropriate ring encoding the cuts formed
by half-cuts in the class. First use Proposition 5.7 to form a cycle with one vertex
for each quasiequivalence class. For each pair of adjacent quasiequivalence classes,
find half-cuts in those classes separating I" into as many components as possible,
and attach one fewer anchors than this between the two classes in the cycle (one
fewer to account for the “large” component). If a quasiequivalence class contains
more than one equivalence class, insert an extra vertex into the cycle here. If we

Figure 11. A ring, with the anchors replaced by 3-vertices.

S o

Figure 12. A #-class and its associated ring. Hexagons represent
6-vertices and arrows ends.
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“thicken” up the anchors to 3-vertices to remove cut-points, there is now a bijective
correspondence between equivalence classes of cuts formed from half-cuts of the
#-class and equivalence classes of cuts of the ring, where we treat the anchors as
ends for the purpose of equivalence etc.; see Figure 12.

7. Pretrees

We now proceed towards the central theorem of the paper. First we seek to impose
a tree structure on the #-classes and the other cuts; then we will reintroduce the
extra complexity. We will do this using pretrees, which we now define.

Definition 7.1. Let P be a set and let R  P? be a ternary relation on P. If
(x,y,z) € R then we write xyz and say y is between x, z. A set P equipped with
this relation is a pretree if the following hold:

(1) If xyz then y # x, z, and there are no x, y such that xyx.
(2) If xyz then zyx.

(3) For all x, y, z, if xyz then —(xzy).

(4) If xzy and w # x, y, z then xzw or yzw.

If there is no z such that xzy we say x, y are adjacent.
A pretree is called discrete if for any x, y € P there are at most finitely many z
such that xzy.

It should perhaps be noted that despite us using the word “between” this is not a
betweenness relation in the usual sense of the word as, for example, in [Huntington
1935]. Let P be a discrete pretree. We will describe briefly how to pass from P to
a tree; a fuller description may be found in [Bowditch 1999].

We call a subset H of P a star if all a, b € H are adjacent. We now define a
tree T as follows:

V(T) =P U {maximal stars of P},
E(T)={(v,H):veP,veH, Hamaximal star}.

We show that T is indeed a tree. If x, y € P then by discreteness there are only
finitely many z between x, y. From among these z we can then find z1, . .., z, such
that x is adjacent to z;, z; is adjacent to z; 4 and z, is adjacent to y, giving a path
in T from x to y. Hence T is connected.

If T contains a circuit then there are xy, ..., x, in P such that x; is adjacent to
X;+1 but not to x;4» for each i € Z,,. Then there is y such that x; yx;12. If y # x,41
then either x; yx;11 or x;+1yx;12, both of which are forbidden. So x;x;1x;42. We
claim xx;x; 41 holds for all i <n by induction. Since x;x;_1x; and x;_| # X;11,
either x1x;_1x;41 holds or we have a contradiction. Since x;_x;x;+; and x; # x;,
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Figure 13. Diagram for Lemma 7.3.

either x1x;x;4+1 or x;_1x;x1; so to avoid contradiction, x;x;x;+. But then we have
X1Xu—1Xn; but x1, x,, were supposed to be adjacent. The contradiction means 7 is
a tree.

We now prove some lemmas which will allow us to define a pretree of cut classes.

Definition 7.2. We call a mincut isolated if it does not cross any mincut, and hence
is not contained in any #-class.

A cut is a corner cut of a #-class if it is (equivalent to) a cut formed from two
half-cuts of the class but is not itself in the class. We call a mincut totally isolated
if it does not cross any mincut and is not a corner cut of any #-class.

Lemma 7.3. Corner cuts are isolated.

Proof. Let O be a #-class and let K = K; UU U K, be a corner cut of Q. Suppose
there is a cut L with K 4 L. Then L separates some ends of each component of
' — K. Let M;, M, be half-cuts in Q adjacent to K, with K adjacent to M, and
K, adjacent to M, with no quasiequivalences present; see Figure 13. Either L
crosses K1 U U U M or all ends of the component of I' — K; UU U M| containing
M, are in the same component of I' — L, whence L crosses K, UU U M5;. So L,
hence K, are in the #-class Q, a contradiction. O

Each #-class Q induces two partitions
g=00u--u Q™

of the ends of I'. In one partition, which we call the fine partition and denote
without bars, each member of the partition corresonds to one of the anchors in the
ring representing Q; and for each OV, there is a corner cut of Q separating Q")
from all the other Q). For the other partition, the coarse partition, we identify
those Q) together which lie between the same two adjacent half-cuts. Then in the
coarse partition we can distinguish between members Q") using only cuts properly
in the #-class Q; for the fine partition, we may need corner cuts also. We recall
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also that a cut K also gives a partition of the ends of I'":
E=KDu...uKk®,

Lemma 7.4. Given a cut K and a #-class Q, with K neither in Q nor a corner cut
of it, there are i, j such that all Q(k) except Q(i) are contained in KV i.e.,

]_[ Q(k) c kW
ki

[J&® <o
k#j

or

We say K divides Q©.
Proof. Suppose K is an A-cut. Then it is nested with every cut and corner cut of Q,
hence the result.

Otherwise K is a B-cut, separating I" into two components. If the result is not
true, then both K@ intersect at least two Q).

Suppose a Q) intersects both K. Let M be the corner cut of Q splitting
off Q). If M is a B-cut, then K 4+ M, giving a contradiction. Otherwise, M is
nested with K, whence a K@ is contained in a Q”), again giving a contradiction.

If both K@ contain two Q) not between two adjacent half-cuts (in the ring
representing Q), we can find a cut of Q crossing K. So for say KV, all the Q")
contained in K (! lie between two adjacent half-cuts of Q. Let M be the corner cut
corresponding to these half-cuts.

M is necessarily an A-cut, and hence is nested with K. As in the discussion of
quasiequivalent cuts earlier, K can only intersect the “large” component of I' — M,
that containing the other half-cuts of Q; conversely M does not intersect the large
component C; of I' — K. Pick another half-cut L in Q, with L=M;UUUL, a
cut of Q. The cut L also only intersects the large component £ of ' — M. With
suitable labelling of the L), we have

LOcpy® [Ocg® g@crp@ g0 0

Hence we have the arrangement shown in Figure 14.
Then, using the notations from Figure 14, we have

a+m+p+Il+t+u=n,
d4+m+p+k+s+u=n,
e+t+u+h+s=n,
at+m+e+t+u=>n,
p+l+e+t+u>n,
ptk+u+s=>n,
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JEPELG e J2] 2 « 2| e
Ka(m)@ t u %] l(P)@
ol X 7] X w5 o ank
E, M E,
D] L D2

Figure 14. Diagram for Lemma 7.4.

where n is the cardinality of a mincut. Immediately d = m = 0. Furthermore, since
L,, My, M, are half-cuts in the same class, s = e+t + h. Then

2n<(@a+e+t+u)+(p+Il+e+t+u)
=@+p+l+t4+u)+(e+e+t+u)
<n+e+t+h+s—+u

=2n.

Then all the inequalities are equalities; hence t = h = 0, and K decomposes into U
together with two equal half-cuts; and choosing L appropriately we find that these
half-cuts are quasiequivalent to the half-cuts of M, so K was a corner cut of Q. [

Lemma 7.5. Given two #-classes Q, R, all cuts in R divide the same Q.

Proof. Note first that the cuts in R do divide a Q) because they are not isolated,
hence not corner cuts, and are not in Q. Suppose K € R divides Q) and L € R
divides Q) with i # j; see Figure 15.

If there is one, take a cut M crossing K and L. We have K@cQ® and
LPcQW, so M contradicts Lemma 7.4.

Then K +L. Take a cut M € Q separating Q) from Q) and let N = K,UUUL,.
The cut N separates some ends of 0% and Q; it is not nested with M, and hence
is a B-cut and crosses M, giving a contradiction. U

0V DL e €

e ()

L | € €

KO K K@ co®

Figure 15. Diagram for Lemma 7.5. The cut N is shown shaded.
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Lemma 7.6. Given two totally isolated cuts K, L, we have that K divides only
one LW i.e., there are i, J such that

]_[L(k) C K(j), ]_[ K® L(i).
ki k£j

Proof. If K, L are nested, the result is immediate. If not, they are both B-cuts, and
the result follows since they do not cross. (]

We now define a pretree encoding the mincuts of I'. Let P be the set of all
#-classes of I" and all equivalence classes of totally isolated cuts of I'. Given
x,y,z € P, wesay y is between x, z if the cuts in x, z divide different elements of
the coarse partition of £ induced by y, and y is not equal to x, z.

Lemma 7.7. This relation defines a pretree.

Proof. Let
E=xWDu...uxm

5:y(1)|_|~ .uy("y)’
E=zDu...uz)

be the coarse partitions of the ends of I" induced by x, y, z. First we check that the
definition makes sense; i.e., given x, y € P, there are unique i, j with

[]x® <y,
ki
If one of x, y is an equivalence class of totally isolated cuts, then Lemmas 7.4 and
7.6 yield this. Suppose both are #-classes Q, R. By Lemma 7.5, given K € R there
is 0@ such that
K®c oW,
0% is contained in a 0@, so
K®c oo,
and furthermore this Q) is independent of the cut K chosen. For each j, j/, we
can find K € R with RY), RU" in different K® since we are using the coarse
partition, whence one of RW RU ) is contained in Q(i). Hence all but one R is
contained in Q(i); ie.,
[[R® < 0.
ki
For part (1) of the definition of a pretree, note that if

[[x®cyin, J]x®cyu,
ki kia
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with jj # ja, then since yUV), yU2) are disjoint, n, =2 =n, and x, y are equivalent
cuts, and hence are equal as elements of P. So xyx does not hold.
Part (2) is trivial. For part (3), after relabelling we have

[]y®<cx®, J[x® <y,

k£l k£l
L[ y(k) C Z(l), L[Z(k) C y(2).
k£2 k£l

Then y)' N y® = & implies x? NzY) = & for i, j # 1. Hence

]_[x(k) - Z(l),

k#1

so x, y divide the same z® and thus xzy does not hold.
For part (4), suppose that xzy so that

]—[Z(k) cx®, ]_[Z(k) C y(l);

k£l k£2

i.e., x divides z(V, y divides z®. If w # z then w divides a unique z®. If i = 1
then yzw. If not, then xzw. O

We recall the vertex version of Menger’s theorem (see, for instance, [Bondy and
Murty 2008, Theorem 9.1]):

Menger’s theorem. Let I" be a graph and a, b be vertices of I'. Then the minimum
size of a vertex cut separating a, b is equal to the maximum number of vertex-
independent simple paths joining a, b.

Lemma 7.8. This pretree is discrete.

Proof. Let K, L, M be mincuts with M between K, L. Elements of P are of course
not cuts; take a representative cut of any equivalence class or an appropriate corner
cut of a #-class. By Lemma 2.10, only finitely many cuts are not nested with both
K, L, so we need only consider the case when M is nested with both. Let C;, D;, E;
denote components of I' — K, ' — L, I' — M respectively. We have that K is nested
with M, so (after relabelling if necessary) Cy € E1, and similarly D; C E,. We
have E| # E; as M is between K, L. By the remarks following Definition 2.6, E|
is contained in a component D;, whence K, L are nested.

If we now form a new graph by collapsing both of K, L to a single vertex and
apply Menger’s theorem in this graph, we obtain n vertex-independent paths from
K to L, where n is the cardinality of a mincut. In the case when K, L are not
disjoint, some of these paths collapse into points. The cut M must intersect each of
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Figure 16. A succulent.

these paths as it separates K, L, and |M| = n, so M is contained in the union of
these paths. Then there are only finitely many choices for M.

If we took different choices for K, L the only additional choices for M would
be equivalent in P to some already considered. So the pretree is discrete. (]

We now have a discrete pretree P, which as discussed above gives us a tree
encoding the mincuts of I" and how they interact with the ends of I.

8. Succulents

We have now obtained a tree encoding the cuts of the graph, with #-classes collapsed
down to points. We now seek to reintroduce the cyclic structure of these in order to
obtain the final “cactus” theorem. We will not be able to use cactus graphs as such;
these work well for encoding edge cuts, but cannot represent a vertex cut yielding
several components. We will therefore use a slightly more general structure which,
for the sake of a horticultural joke, we call succulents.

Definition 8.1. A succulent is a connected graph built up from cycles (including pos-
sibly 2-cycles, consisting of two vertices joined by a double edge) in the following
manner. Two cycles may be joined together either at a single vertex or along a single
edge. The construction is tree-like in the sense that if we have a “cycle of cycles”
Ci,...,C, with C; attached to C;4| (mod n) then all the C; share a common
edge/vertex. See Figure 16 for an example. The analogous property in a tree is that
if we have a cycle of edges with each attached to the next one, they all meet at a
common vertex. An end vertex of a succulent is one contained in only one cycle;
a vertex of a succulent is an end vertex if it has at most two edges adjacent to it.
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Figure 17. Diagrams illustrating how we connect rings around a
star vertex if both corner cuts are B-cuts (left), if the corner cuts
are nested and not equal (middle), and if they are equal (right).

We now construct a succulent encoding the mincuts of I'. We already have the
tree T from the previous section whose vertices are (equivalence classes of) totally
isolated cuts and #-classes joined together via “star” vertices. There is at most one
star for each corner cut of a #-class. If there is no corresponding star, then the
components split off by this cut are not further subdivided by mincuts.

Before moving on further, we note that totally isolated cuts can be represented
by a degenerate sort of ring, constructed by attaching triangles to a segment rather
than to a cycle. So we can always talk about the anchors of a member of P.

To form our succulent, we replace each member of P by its associated ring. We
must now consider how we connect these; i.e., we need to consider the behaviour
around each star vertex. Recall that if Q is a #-class attached to some star vertex,
all members of P divide the same member of the (coarse) partition of the ends of I
corresponding to Q, Q1 say, and that there is a corner cut of Q separating Q!
from the rest of the ends.

Suppose Q, R are #-classes adjacent to the same star vertex, so that there is
no member of P between them. See Figure 17. Let K, L be the corresponding
corner cuts and Q(l), R® the members of the coarse partition. If both K, L are
B-cuts then each of 0V, R™) comprises only one Q®, R and there is only one
member of the fine partitions divided by the other #-class. We join these classes
by identifying the appropriate anchors. If there are no other elements of P joined
to this star vertex then K, L are equivalent so we could further simplify things by
removing the anchors and joining the cycles for Q, R together directly.

If one of K, L is not a B-cut then the two cuts are nested. Then either they are
equal or all components except one of I' — L are contained in the same component
of ' — K and vice versa. In the latter case, there is only one member of the fine
partitions divided by the other #-class, so again we can represent this by identifying
the appropriate anchors. If the corner cuts are equal, then we glue together the rings
via the corner cuts. Of the anchors attached to each, one represents the other #-class
and we simply delete this; the other anchors come in pairs, each representing the
same set of ends but originating from different rings; we identify these together
so we don’t get redundancy. Then to produce our succulent, we first glue together
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those rings sharing a corner cut, and then attach the other members of P adjacent to
this star by identifying the appropriate anchors (for totally isolated cuts we simply
note that the coarse and fine partitions coincide so there will be an obvious anchor
to use and we have none of the issues above).

‘We must now show that this is a true succulent, that is, that we still have a tree-like
structure. We inherit much of the tree-like nature from 7'; we only need check that
no “cycles of cycles” form from the identifications made between rings all adjacent
to the same star vertex. We will proceed by contradiction, supposing we have a
shortest cycle of cycles C preventing our graph being a succulent. We can place
limitations on which constituent cycles of the graph can be present in C. First the
cycles on which our rings are based do not appear. This is because any two cycles
meeting one of these in the same Q) intersect along an edge. So C consists of the
triangles which contain anchors; these can be joined together either at an anchor
or along the opposite edge. Because our cycle is shortest, we alternate between
joins along edges and at anchors. Hence our cycle has at least four members. Let
Ty, ..., T4, ... be the triangles in C with T}, T, meeting at an anchor, 73, 73 at an
edge and so on. By construction the points at the bases of the 7; represent cuts K;
of I' partitioning the ends of I', and after suitable labelling we have

M g _ g
[[x" <k’ =k3",

i#1
[ < k& = kP,
i#1
whence
(N (€8] (D
[[x" <k’ ckg”....
i#1

But C is a cycle, so we eventually come back to the start, whence all the inequalities
become equalities, K| becomes a B-cut and

@ _ g _ () _
KP=k{P=k{"=....

We could have started at any other point, so the other K; are also B-cuts and all
of them are equivalent. Then C becomes trivial and we have indeed constructed a
succulent.

We have now proved most of this:

Theorem 8.2. Let I be a connected graph such that there are vertex end cuts of T’
with finite cardinality. There is a succulent S with the following properties:

(1) There is a subset A of vertices of S called the anchors of S. If two anchors
are adjacent, one of them is an end vertex of the graph. Every vertex of S not
in A is adjacent to an anchor. We define an anchor cut of S to be a vertex cut
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containing no anchors which separates some anchors of S. We say anchor
cuts are equivalent if they partition A in the same way.

(2) There is an onto map f from the ends of T to the union of the ends of S with
the end vertices of S which are anchors.

(3) There is a bijective map g from equivalence classes of minimal end cuts of T
to equivalence classes of minimal anchor cuts of S such that ends e, e; of T’
are separated by [ K| if and only if f(ey), f(ey) are separated by g([K]).

(4) Any automorphism of T induces an automorphism of S.

Proof. We already have a succulent containing a representative of each mincut;
i.e., we already have the map g. We now discuss how we modify the succulent
to define the map f of the ends of . Some issues arise because there may be
ends of " which are distinguished from each other only by nonminimal cuts. If
such ends exist, we will treat them as a single end for the present section; i.e., we
will map them all to the same place using f. Let € be an end of I'. If there is a
mincut K such that this end is the sole element of one of the sets K@, then this
mincut appears somewhere in the succulent either as a corner cut of a #-class or as
a totally isolated cut and there is an end anchor of the succulent corresponding to
this K@; define f(¢) to be this anchor.
If not, there may be a sequence of x; € P with

f0 505 s

This defines a ray in the tree 7" associated to P, hence an end of that tree. There is a
unique such end, since 7 is a tree so two ends can be separated using a single point,
which we may take to be some y € P. But there is only one y®) containing €, so
only one end will do. So we have an end of T, hence of the succulent, associated
with €; this is where we will map €.

The remaining cases will correspond to ends which can only be split off by
nonminimal cuts, which are not associated to some end of the tree T. To fit these
into our succulent, we will essentially pretend that they can be split off by a mincut;
we will add an element to P for each such end, inducing a partition

E={e}U (€ —{€}).

This member of P will not be between any two members of P; and it does not
disrupt the discreteness of P because an infinite set of betweenness in P would
induce a descending sequence of partitions as above, so we would already have dealt
with this end. So we have added an end vertex to the tree 7. When constructing
the succulent, the extra member of P will be modelled as two anchors joined by a
double edge, one of which becomes attached to a relevant anchor in the succulent.
The other anchor is an end anchor, which we define to be f(¢).
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We now have the map f, which by construction interacts with g in the way
stated; note that the extra anchors added in the third step above are never split off
by an anchor cut of S.

To see that f is onto, we note that any end anchors of S arise either as f(€) in
the third case above, or as part of a ring, where they correspond to some member
of a partition of £, whose members will be mapped there. Any ends of S arise from
ends of T', hence from sequences of members of P. From the vertices in the relevant
cuts, we can construct a ray in I', giving an end that will be mapped to the end of S.

Part (4) arises since an automorphism of I' induces corresponding automorphisms
of the cuts and ends of I', preserving crossings, nestings, equivalences; in short,
all the information used to construct S. (]

We make some remarks about the theorem. In part (3) we must say equivalence
classes of cuts of S because we may have equivalent distinct cuts of S; these arise if
there are quasiequivalent, nonequivalent half-cuts in a #-class , whence there will be
some equivalent cuts contained in the relevant ring; but this is not really a concern.

If we wish to obtain a graph in which we do not have to exclude anchors from
cuts, we can replace each anchor with a 3-vertex and treat these as ends, so that the
anchor cuts in the theorem become bona fide mincuts of the resulting graph S’

If we collapse the extra end anchors we added in the proof above onto the adjacent
anchors, then we obtain a variant theorem:

Theorem 8.3. Let I" be a connected graph such that there are vertex end cuts of T’
with finite cardinality. There is a succulent S with the following properties:

(1) There is a subset A of vertices of S called the anchors of S. No two anchors
are adjacent, and every vertex of S not in A is adjacent to an anchor. We define
an anchor cut of S to be a vertex cut containing no anchors which separates
some anchors of S. We say anchor cuts are equivalent if they partition A in
the same way.

(2) There is a map f from the ends of 1" to the union of the ends of S with the
anchors of S.

(3) There is a bijective map g from equivalence classes of minimal end cuts of T’
to equivalence classes of minimal anchor cuts of S such that ends e, ey of T
are separated by [ K if and only if f(e1), f(e2) are separated by g([K]).

(4) Any automorphism of 1" induces an automorphism of S.

Consider a finite graph I". We call a set J of vertices of a graph I' n-inseparable
if |J| > n+ 1 and for any set K of vertices with |K| <n, J is contained in a single
component of I' — K. Let « be the smallest integer for which there are «-inseparable
sets Ji, J» and a vertex cut K with |K| =« and Jy, J in different components of
' — K. We can consider the maximal «-inseparable sets of I" as ends of the graph;
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or attach a sequence of (k+1)-vertices to each to turn them into a bona fide end.
The inseparability conditions ensure that this does not affect the cuts of I" of size «.
Then the size-x vertex cuts separating two inseparable sets become minimal end
cuts of our graph, so we can obtain a succulent theorem for them:

Theorem 8.4. Let I be a finite connected graph such that there exists «k for which
there are k-inseparable sets Ji, J, and a vertex cut K with |K| =« and J1, J» in
different components of I' — K, and take the minimal such k. There is a succulent S
with the following properties:

(1) There is a subset A of vertices of S called the anchors of S. No two anchors
are adjacent, and every vertex of S not in A is adjacent to an anchor. We define
an anchor cut of S to be a vertex cut containing no anchors which separates
some anchors of S. We say anchor cuts are equivalent if they partition A in
the same way.

(2) There is a map f from the k-inseparable sets of T to the anchors of S.

(3) There is a bijective map g from equivalence classes of minimal cuts of T
separating k -inseparable sets to equivalence classes of minimal anchor cuts of
S such that k-inseparable sets Jy, J, of I are separated by [K] if and only if
fJ1), f(J2) are separated by g([K]).

(4) Any automorphism of T induces an automorphism of S.

Tutte [1984] produced structure trees for the cases k = 1, 2, which Dunwoody and
Kron [2015] then extended to higher k. These trees were based on “optimally nested”
cuts in the language of [loc. cit.], which in this case means A-cuts. Roughly speaking,
the trees consist of the totally isolated cuts and corner cuts of our succulents, together
with “blocks” which are not decomposed by the cuts in question; these include the
maximal inseparable sets, and also sets broken up by cuts which are not optimally
nested; these sets correspond to the #-classes. The structure trees can then be
obtained from our succulents by replacing each ring with a star with one central
vertex and one vertex joined to it for each corner cut. So these earlier results also
follow from our work.

9. Applications

First we note that our work yields a proof of Stallings’ theorem, based on the
Bass—Serre theory of groups acting on trees (see [Serre 1980]).

Stallings’ theorem. Let G be a finitely generated group acting transitively on
a graph T with more than two ends. Then G can be expressed as an amalgam
G = A xp B or an HNN extension G = A, where F has a finite index subgroup
which is the stabilizer of a vertex of T.
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Proof. From the pretree P we obtain a tree T on which G acts. The tree T is
nontrivial; the action is transitive and I" has more than two ends so there are infinitely
many ends and many inequivalent cuts. The action is without inversion since T’
is bipartite, formed of star vertices and elements of P. Then G is isomorphic to
the fundamental group of a certain graph of groups; G is finitely generated so this
graph is finite. The action is nontrivial as G acts transitively on I', so it follows
that G splits over the stabilizer of an edge of 7. An element fixing an edge of T
fixes the adjacent element of P, and hence fixes either a #-class or an equivalence
class of totally isolated cuts. A #-class contains finitely many vertices; and the
transitivity of the action implies that there can only be finitely many cuts in each
equivalence class, since we can find two cuts between which every cut of the class
lies, and then apply the methods of Lemma 7.8. The result follows. (]

Stallings’ original theorem covers the two-ended case as well, but our tree is trivial
here. The two-ended case can be covered by more elementary means, however.

We now discuss how earlier cactus theorems concerning edge cuts follow from
ours. We turn a question about edge end cuts into a question about vertex end cuts
as follows. First replace the graph I" with its barycentric subdivision I'*. This is
defined as follows:

V(I =v@UE®D),
E(l"b) ={(v,e):veV(),eec E(I'), v an endpoint of e}.

If the cardinality of a minimal edge end cut of I is n, we now “thicken up” each
vertex of I'? that was a vertex of I' by replacing it with an (n+1)-vertex (see
Definition 6.1) to obtain a graph I'*. In this way, an edge cut of I" separating some
ends of I' corresponds precisely with a vertex cut of I'* of the same cardinality.
In I'*, because all the vertex cuts are essentially edge cuts, all of the minimal vertex
cuts of I'* split the graph into precisely two pieces, each containing an end. So
we do not need to remove slices from the graph, and all cuts are B-cuts. It follows
that quasiequivalent half-cuts are equivalent, and each ring becomes simple enough
to be replaced by a cycle, in which the anchors become the vertices and the other
vertices become the edges. Our succulent from Theorem 8.3 can then be replaced
with a cactus, so we have the cactus theorem for edge end cuts:

Theorem 9.1 [Evangelidou and Papasoglu 2014]. Let I be a connected graph such
that there are edge end cuts of 1" with finite cardinality. There is a cactus C with the
following properties:

(1) There is a map f from the ends of T to the union of the ends of C with the
vertices of C.

(2) There is a bijective map g from equivalence classes of minimal end cuts of T’
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to minimal edge cuts of C such that ends ey, e; of I' are separated by [ K] if
and only if f(e1), f(ey) are separated by g([K]).

(3) Any automorphism of T" induces an automorphism of C.

To deal with the classical cactus theorem for edge cuts of finite graphs, we
proceed as before to get the graph I'*. Then to each (n-+1)-vertex we attach an
infinite chain of (n+1)-vertices, so that a vertex in the original graph I' becomes
a de facto end of our new graph. “Equivalent cuts” in this graph correspond to the
same cut of the original graph. Once again the succulent can be replaced with a
cactus, so we have the cactus theorem of Dinic, Karzanov, and Lomonosov:

Theorem 9.2 [Dinic et al. 1976]. Let I" be a connected finite graph. There is a
cactus C with the following properties:

(1) There is a map f from the vertices of T to the vertices of C.

(2) There is a bijective map g from equivalence classes of minimal edge cuts of T
to minimal edge cuts of C such that vertices vy, vy of I are separated by [ K]
if and only if f(vy), f(v2) are separated by g([K)).

(3) Any automorphism of T induces an automorphism of C.
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