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SHEAF QUANTIZATION AND INTERSECTION OF
RATIONAL LAGRANGIAN IMMERSIONS

by Tomohiro ASANO & Yuichi IKE (*)

ABSTRACT. We study rational Lagrangian immersions in a cotangent bundle,
based on the microlocal theory of sheaves. We construct a sheaf quantization of a
rational Lagrangian immersion and investigate its properties in Tamarkin category.
Using the sheaf quantization, we give an explicit bound for the displacement energy
and a Betti/cup-length estimate for the number of the intersection points of the
immersion and its Hamiltonian image by a purely sheaf-theoretic method.

RESUME. — Nous étudions les immersions lagrangiennes rationnelles dans un
fibré cotangent en nous basant sur la théorie microlocale des faisceaux. Nous
construisons une quantification faisceautique d’une immersion lagrangienne ra-
tionnelle et étudions ses propriétés dans la catégorie de Tamarkin. En utilisant
la quantification faisceautique, nous donnons une limite explicite & I’énergie de
déplacement et une estimation Betti ou cup-length pour le nombre de points d’in-
tersection de I'immersion et de son image hamiltonienne par une méthode purement
faisceautique.

1. Introduction
1.1. Sheaf-theoretic bound for displacement energy

The microlocal theory of sheaves due to Kashiwara—Schapira [17] has
been effectively applied to symplectic geometry for a decade. After the pio-
neering works by Nadler—Zaslow [20, 21] and Tamarkin [24], numerous the-
orems related to symplectic geometry have been proved by sheaf-theoretic
methods (for example, see [7, 12, 13]). Now the theory is considered to be a
powerful tool other than Floer theory for the study of symplectic geometry.

Keywords: Lagrangian immersions, displacement energy, microlocal theory of sheaves.
2020 Mathematics Subject Classification: 53D12, 37J10, 53D35, 35A27.

(*) TA was supported by Innovative Areas Discrete Geometric Analysis for Ma-
terials Design (Grant No. 17H06461). YI was supported by JSPS KAKENHI
(Grant No. 21K13801) and ACT-X, Japan Science and Technology Agency (Grant
No. JPMJAX1903).



2 Tomohiro ASANO & Yuichi IKE

In [5], the authors gave a purely sheaf-theoretic bound for the displace-
ment energy of compact subsets in a cotangent bundle. Let M be a con-
nected manifold without boundary and denote by T* M its cotangent bun-
dle equipped with the canonical symplectic form w. For a compactly sup-
ported C*°-function H = (Hy)sepo,1): T"M x [0,1] — R, we define ||H|| :=
fol (max, Hs(p) — min, Hs(p))ds and let ¢ = (¢H)s: T*M x [0,1] —
T*M denote the generated Hamiltonian isotopy. For given compact sub-
sets A and B of T* M, their displacement energy is the infimum of || H|| such
that AN¢ (B) = (). A sheaf-theoretic tool to estimate displacement energy
is Tamarkin category [24]. We denote by D(M) the Tamarkin category of
M, which is defined as a quotient category of the bounded derived category
DP(M x R) of sheaves of vector spaces over the field Fy = Z /27 on M x R.
For a compact subset A of T*M, Da(M) denotes the full subcategory of
D(M) consisting of objects whose microsupports are contained in the cone
of Ain T*(M xR). We also denote by Hom™: D(M)°PxD(M) — D(M) the
canonical internal Hom functor. For an object F' € D(M) and ¢ € Ry there
exists a canonical morphism 7y .(F'): F — T, F, where T,,: M xR — M xR
is the translation by ¢ to the R-direction.

THEOREM 1.1 ([5, Thm. 4.18)]). — Denote by q: M x R — R the
projection and let A, B be compact subsets of T*M. For F € Dy(M),
G € Dp (M), if

(1.1) |H| < inf{c € Rxq | 70,c(Rg« Hom™(F,G)) = 0},
then AN ¢ (B) # 0.

Theorem 1.1 asserts that if we find sheaves associated with given com-
pact subsets, we can estimate their displacement energy using these sheaves.
However, it says nothing about the existence of such objects and we could
only use sheaves associated with some concrete examples or compact ex-
act Lagrangian submanifolds [12]. In this paper, for a certain class of La-
grangian immersions, we construct such objects that give an explicit bound
of the displacement energy, based on sheaf quantization.

1.2. Sheaf quantization

For a subset of a cotangent bundle (resp. a cosphere bundle), in par-
ticular a Lagrangian (resp. Legendrian) submanifold, a sheaf quantization
is a sheaf whose microsupport coincides with the subset. The process to
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associate a sheaf quantization with a given subset is also called sheaf quan-
tization. Since the microsupport of a sheaf is always conic, for a non-conic
subset of T* M, we conify it adding one variable R. In this way, we obtain a
conic subset of T*(M x R) or equivalently a subset of the cosphere bundle
ST*(M x R) and we could construct a sheaf quantization of the subset.

Guillermou [11, 12] constructed a sheaf quantization of a compact ex-
act Lagrangian submanifold of T*M, whose conification is a Legendrian
submanifold of ST*(M x R) with no Reeb chords. He first constructed
a sheaf on M x (0,+00) x R, which can be regarded as a family of ob-
jects of DP(M x R) parametrized by (0,+00), and then obtained a sheaf
quantization on M x R as a limit of the family at +oo.

In this paper, we construct a sheaf quantization of a general compact
Legendrian submanifold of ST*(M x R/0Z) with some 6 € R (see Theo-
rem 4.4 and Remark 4.6). Such a Legendrian is a conification of a strongly
rational Lagrangian immersion (see Definition 4.1 and Remark 4.6). For
the construction, we follow the idea of Guillermou [12]. In our setting, his
construction is obstructed by the existence of Reeb chords and it only gives
a family parametrized by (0, a), where a is a positive real number less than
the shortest length of the Reeb chords. In this way, we obtain an object
G (0,q) of the category Dl/)[l] (M x (0,a) x R/0Z), where Dl;[l] (X) denotes
the triangulated orbit category of sheaves on a manifold X (see Section 2).
We also call this object G(g,4) a sheaf quantization.

Remark 1.2. — The reasons why we construct a sheaf quantization as

an object of Dl/’m (M x (0,a) x R/6Z) is the following threefold:

(i) The appearance of R/0Z comes from the fact that a primitive of
the Liouville 1-form on a strongly rational Lagrangian takes value
only modulo 6.

(ii) Using a sheaf on M x (0,a) x R/6Z rather than one on M x R/0Z
is the essential idea to obtain better energy estimates as in Theo-
rems 1.5 and 1.6 below. The restriction of the sheaf to M x {u} x
R/0Z for some u € (0,a) can also give an energy estimate but it is
worse in general.

(iii) We can only construct a sheaf quantization as an object of the
triangulated orbit category D?[l] because of the existence of an ob-
struction class, which is related to the Maslov class (see [12, §10.3]).
This is why we use the orbit category instead of the usual derived
category.

TOME 0 (0), FASCICULE 0
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1.3. Intersection of rational Lagrangian immersions

Based on Theorem 1.1 and sheaf quantization introduced in Section 1.2,
we give an explicit bound for the displacement energy of a rational La-
grangian immersion with a purely sheaf-theoretic method. Not only a bound
for the energy, we also give an estimate of the number of intersection points
by the total Betti number and the cup-length of the Lagrangian.

DEFINITION 1.3.

(i) A Lagrangian immersion v: L — T*M is said to be rational if there
exists o(t) € Rsg such that

(1.2) {/D vtw

(1.3) () = {(v,v)

(v,7) € E(L)} =o(1)-Z,

v: D> - T*M,v: 9D* — L,}

V|lgp2 =107

(ii) For a rational Lagrangian immersion ¢: L — T* M, one defines

(14)  e():=inf <{/D vtw

where

(0.7) € B IE(W R ).

v: D* - T*M,%: [0,1] — L,
(1.5) E(1) =< (v,0) | 9(0) # 0(1),.09(0) = o v(1),
v|gp2 o exp(2my/—1(=)) =107
Here we put the following additional assumption.
ASSUMPTION 1.4. — There exists no (v,7) € E(1) with [, v*w = 0.

Our explicit bounds are the following.

THEOREM 1.5 (see Theorem 5.4). — Let ¢: L — T*M be a compact
rational Lagrangian immersion satisfying Assumption 1.4. If ||[H|| < e(¢)
and v: L — T*M intersects ¢ o1: I — T*M transversally, then

dim L

(1.6) #{w.v) e Lx L|uy)=of ou(y)} = Y bi(L).

=0

ANNALES DE L’INSTITUT FOURIER
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THEOREM 1.6 (see Theorem 5.5). — Let ¢: L — T*M be a compact

rational Lagrangian immersion satisfying Assumption 1.4. If a Hamiltonian
function H satisfies ||H|| < min ({e(¢)} U ({o(¢)/2} NRsyg)), then

(1.7) #{(y) e Lx L|uy) =¢1 ouly)} = cl(L) +1,
where cl(L) denotes the cup-length of L over Fs.

In particular, Theorem 1.5 gives a bound for the displacement energy of
the image of a rational Lagrangian immersion.

In what follows, we give the outline of our proof.

First, we can reduce the problems to the case of a strongly rational
Lagrangian immersion, where Assumption 1.4 guarantees that the asso-
ciated Legendrian is a submanifold of ST*(M x R/0Z). Let a € Ryg
be less than the shortest length of the Reeb chords of the Legendrian,
which is related to e(:). As mentioned in Section 1.2, we can associate
a sheaf quantization G (g q) € D?[ll (M x (0,a) x R/0Z) with the Legen-
drian submanifold. Using the quantization object, we define two objects
F(O,a) = Rja!G(O,a)7F[0,a] = Rja*G(o’a) S Dl/)[l] (M X R x R/QZ), where j,
is the inclusion M x (0,a) x R/0Z — M x R x R/0Z.

To use the objects Flg ,) and Fjg 4 effectively, we introduce a modified
version of Tamarkin category D (M )y parametrized by a manifold P with
period #, which is defined as a quotient category of Dl/)[l](M x P xR/07Z).
In the case P = pt and 6 = 0, the category recovers (an orbit version of)
the usual Tamarkin category D(M). Similarly to the case of D(M), we can
define a canonical internal Hom functor Hom*: DX (M)g? x D (M)g —
DF(M)y. For ¢ € R we denote by T, the translation by ¢ on R/6Z modulo
6. In this setting, we can show that the results in [5] including Theorem 1.1
also hold (see Section 3 and Appendix A). This modification corresponds to
the family version of the previous results and gives a better energy estimate
in some cases. Indeed, F{o ,) and Fjg 4 define objects of DR(M)g, and we
can prove that 7o .(Rq. Hom*(Fo,q), Fjo,q))) is non-zero for any 0 < ¢ < a,
where ¢: M x R x R/0Z — R/0Z is the projection. We cannot obtain such
estimate with G (g q)|amx{u}xr/0z € DP*(M)g for some u € (0,a) and this
is why we use the parametrized version.

For the bounds for the number of the intersection points, similarly to [15]
we study the object Hom*(F(Ova), F[ga]), where F[I(){’a] denotes the Hamilton-
ian deformation of Fjy ,) associated with M. We find that its microsupport
is related to the intersection # {(y,4') € L x L | «(y) = ¢{' o ¢(y')} and for

TOME 0 (0), FASCICULE 0
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any c € R
H*RI e 4 o0) (£' R Hom™ (Fo,a), Fifl a]))e

(1.8) . -
~H RF(Q+;uhom(F(O,a),T,C*F[Oya])%

where ¢: R — R/0Z is the quotient map and Q4 = {7 > 0} C T*(M x
R x R/0Z) with (t; 7) being the homogeneous coordinate on T*(R/0Z). We
study an action of H*(L) = @,, H*(L;F2) on (1.8) and even compute the
right-hand side explicitly in the case where the intersection is transverse.
These computations are more difficult than previous works such as [12, 15]
because of the singularity of the microsupports of F(g 4y and Fjg ). Com-
bining the computations with the Morse inequality for sheaves and some
properties of an algebraic counterpart of cup-length, we obtain the theo-
rems. A benefit of the microlocal theory of sheaves especially appears in the
proof of the cup-length bound. We prove the triviality of H*(L)-action on
the each contribution by showing that the action factors through a microlo-
cal category. This microlocal sheaf-theoretic proof is more straightforward
than that via Floer theory, which needs an unusual construction of suitable
moduli spaces [3, 19].

Related topics

Sheaf quantization has been studied in several situations. Guillermou—
Kashiwara—Schapira [13] constructed a sheaf quantization of the graph of
a Hamiltonian isotopy. Guillermou [11, 12] constructed a sheaf quantiza-
tion of a compact exact Lagrangian submanifold of a cotangent bundle
and applied it to the study of the topology of the Lagrangian. Note that
Viterbo [25] also constructed a sheaf quantization of a compact exact La-
grangian submanifold, based on Floer theory. Jin-Treumann [16] studied
the relation between sheaf quantization and brane structures.

The microlocal theory of sheaves is also applied to quantitative problems
in symplectic geometry. Indeed, Tamarkin [24] already mentioned an action
of Novikov ring on Tamarkin category (see also [5, Rem. 4.21]). Chiu [7]
proved a non-squeezing result based on a sheaf-theoretic method. See also
the recent textbook by Zhang [26] for the quantitative aspect.

Results similar to Theorems 1.5 and 1.6 were also proved by Floer-
theoretic methods for a compact symplectic manifold, without Assump-
tion 1.4. Chekanov [6] proved Theorem 1.5 for a rational embedding ¢ with
o(t) > 0 and Akaho [1] proved Theorem 1.5 for an exact immersion ¢,

ANNALES DE L’INSTITUT FOURIER
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which corresponds to the condition o(:) = 0. Liu [19] gave a proof of Theo-
rem 1.6 for a rational Lagrangian embedding with a better bound for ||H||.
Floer-theoretic approach could give better estimates in the cases where a
bounding cochain exists [2, 8, 9, 10]. See also Remarks 5.7 and 5.8.

Both of the constructions of Floer homology groups and sheaf quantiza-
tions are obstructed by Reeb chords. Augmentations or bounding cochains
were originally introduced to resolve the obstruction to construct Legen-
drian contact homology or Lagrangian Floer homology. Augmentations are
also related to sheaf quantization of Legendrians [4, 22, 23]. In this work, we
construct sheaf quantizations in a more general setting without assuming
the existence of augmentations or bounding cochains, though our quantiza-
tions have less information than the quantizations in [4, 22, 23]. Combining
our argument in this paper with sheaf quantization with augmentations, we
expect that we could obtain a better estimate for the displacement energy.

Organization

The structure of the paper is as follows. In Section 2, we give some results
of the microlocal theory of sheaves in the triangulated orbit category. In
Section 3, we introduce the modified version of Tamarkin category and
give some refined versions of the results of Asano-Tke [5]. In Section 4, we
construct a sheaf quantization of a strongly rational Lagrangian immersion
in a cotangent bundle. In Section 5, we prove Theorems 1.5 and 1.6 based
on the results obtained in the previous sections. In Appendix A, we give
details on the modified version of Tamarkin category.
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2. Preliminaries on microlocal sheaf theory

In this paper, we assume that all manifolds are real manifolds of class C'*°
without boundary. Throughout this paper, let k be the field Fy = Z/27Z.

In this section, we recall some definitions and results from [12, 17] and
prepare some notions. We mainly follow the notation in [17]. Until the end
of this section, let X be a manifold.

2.1. Geometric notions

For a locally closed subset Z of X, we denote by Z its closure. We also
denote by Ax the diagonal of X x X. We denote by T'X the tangent bundle
and by T* X the cotangent bundle of X, and write mx: T*X — X or simply
m for the projection. For a submanifold M of X, we denote by T3, X the
conormal bundle to M in X. In particular, T%x X denotes the zero-section
of T*X. We set T*X == T*X \ T%X. For two subsets S; and Sy of X, we
denote by C(S1,52) C TX the normal cone of the pair (S7,S2).

With a morphism of manifolds f: X — Y, we associate the following
morphisms and commutative diagram:

X I X %y Y Ty

o.) | |~

XX ——.

where f is the projection and fy is induced by the transpose of the tangent
map f: TX — X xy TY.

We denote by (x; £) a local homogeneous coordinate system on 7% X. The
cotangent bundle T* X is an exact symplectic manifold with the Liouville 1-
form oo = (&, dx). Thus the symplectic form on T* X is defined to be w = da.
We denote by a: T*X — T* X, (z;¢) — (z; —&) the antipodal map. For a
subset A of T*X, A% denotes its image under the antipodal map a. We
also denote by h: T*T*X = TT*X the Hamiltonian isomorphism given
in local coordinates by h(dz;) = —08/0¢; and h(d¢;) = 90/0z;. We will
identify T*T*X and TT*X by —h.

Notation 2.1. — For notational simplicity, we sometimes write {P(z)}x
for {x € X | P(x)} if there is no risk of confusion.

ANNALES DE L’INSTITUT FOURIER
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2.2. Microsupports of objects in orbit category

We denote by kx the constant sheaf with stalk k and by Mod(kx) the
abelian category of sheaves of k-vector spaces on X. Moreover, we denote
by DP(kx) the bounded derived category of sheaves of k-vector spaces. One
can define Grothendieck’s six operations RHom, ®, Rf., f~', Rfi, f' for a
continuous map f: X — Y with suitable conditions. For a locally closed
subset Z of X, we denote by k the zero-extension of the constant sheaf
with stalk k on Z to X, extended by 0 on X \ Z. Moreover, for a locally
closed subset Z of X and F € DP(kx), we define Fiz, RI'z(F) € DP(kx) by

(22) F;, =F®ky, sz(F) = R’Hom(kZ,F).

Let us recall the definition of the microsupport SS(F') of an object F' €
DP(kx). Remark that we can define the mircosupport of an object over
any commutative ring, which we will use below for K = k[e]/(¢?).

DEFINITION 2.2 ([17, Def. 5.1.2]). — Let F € DP(kx) and p € T*X.
One says that p & SS(F) if there is a neighborhood U of p in T* X such that
for any xg € X and any C*°-function ¢ on X (defined on a neighborhood
of x¢) satisfying dyp(xo) € U, one has RI(ze x|p(z)>p(z0)} (F)zo = 0.

In this paper, we will work in the triangulated orbit category D?[l] (X)
for sheaves studied in [11, 12], which was originally defined in Keller [18].
Here we recall its definition and properties. See [11, 12] for more details.

Let K be the k-algebra k[e]/(¢?) and perf(Kx) be the full triangulated
subcategory of DP (KK x ) generated by the image of the functor ¢: D" (kx) —
DP(Ky), F — Kx ®x, F. We denote by Dl/’m (X) or Dl/’m (kx) the quo-
tient category DP(Kx)/perf(Kx). For any F € D‘/’m(X), F[1] is iso-
morphic to F. We also denote by i the composite functor i: DP(kx) —
D’ (Kx) — Dl/’m (X), where the former functor is induced by the nat-
ural ring homomorphism K — k corresponding to the trivial e-action
and the latter is the quotient functor. The Grothendieck’s six operations
are defined also on the orbit categories and commute with i. Adjunc-
tions, natural transformations and natural isomorphisms between compos-
ites of the operations exist as in the usual case. A cohomological functor
H*: Dl/)[l] (X) — Mod(kx) is defined so that H*(F') is the sheafification
of the presheaf (U — HomDL/,m(U) (ku, F|ly)) on X. This functor satisfies

H*(((F)) = @,,c; H"(F) for F of D"(kx). The functor H* for X = pt

TOME 0 (0), FASCICULE 0
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gives an equivalence between D?[l] (pt) and Mod(k). Note also that

Hompy () (i(F).i(G))

(2.3) ~ (P Homps 1) (F,Gln])  for F,G € D®(ky).
nez

Guillermou [11, 12] also introduced the microsupport SS(F) C T*X of
an object F' € D;’[l](X). We define SS(F) = (\pi~p SSk(F’), where F’
runs over objects of DP(Ky) that are isomorphic to F in D]/O[l] (X) and
SSk(F") denotes the usual microsupport of F’ as an object of DP(Kx).
We also set SS(F) := SS(F) N T*X = SS(F) \ T%X. One can check the
following properties.

PROPOSITION 2.3.

(i) The microsupport of an object in D?[l] (X) is a conic (i.e., invariant
under the action of R~y on T*X ) closed subset of T*X.

(ii) The microsupports satisfy the triangle inequality: if F; — Fy —
F3 £ is an exact triangle in D‘/D[l] (X), then SS(F;) C SS(F;) U
SS(Fy) for j # k.

(iii) For F € DY ,(R™) with SS(F) C Ti.R", there exists L € Mod(k)

/1]
such that F' ~ Lgn.

Using microsupports, we can microlocalize the category Dl/’m (X) as fol-

lows.

DEFINITION 2.4.

(i) Forasubset A of T* X, one defines Dk/)[1],A(X) to be the triangulated
subcategory of Dl/’[l] (X) consisting of F with SS(F) C A.
(ii) For a subset Q2 of T* X, one defines Dk/’[l] (X;Q) to be the categorical
localization ofDl/’m (X) by Dl/’ X). That is, D?[ll (X;Q) =
b b
D) (X)/D/[uj*X\Q(X)'

(iii) For a subset B of (, Dt/’m,B(X;Q) denotes the full triangulated

subcategory of Dk/’m (X;Q) consisting of F with SS(F) N Q C B.
(iv) For a subset B of T*X, D?[l],(B) (X) denotes the full triangulated
subcategory of Dl/)[l] (X) consisting of F for which there exists a

neighborhood U of B such that SS(F)NU C B.

[1],f*X\Q(

ANNALES DE L’INSTITUT FOURIER
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The fact that Dl/)[llv 4(X) is a triangulated subcategory follows from the
triangle inequality (Proposition 2.3(ii)). Note that D]/OMA(X) contains lo-
cally constant sheaves on X. Remark also that our notation is the same as
in [11, 12] and slightly differs from that of [17].

The definition below is derived through the discussion with S. Guiller-
mou.

DEFINITION 2.5. — Let U = {Uy}o be an open covering of X and
V = {V,}a be an open covering of an open subset Q of T*X.

(i) Anobject F € Dl/)[1] (X; ) is said to be locally tame with respect to
U if F|y, is isomorphic to some i(Gy) as an object ofD'})m (Ua; 2N
T*U,) for each U, € U. An object of Dl/)[l] (X;9Q) is said to be
locally tame if it is locally tame with respect to some open covering
of X.

(ii) An object F' € D]/D[l] (X;Q) is said to be microlocally tame with
respect to V if F' is isomorphic to some i(G,) as an object of
Dlj[l] (X;Vy) for each V, € V. An object of D?[l] (X;Q) is said
to be microlocally tame if it is microlocally tame with respect to

some open covering of €).

(iii) Let B be a subset of T*X. One defines D?[ﬁf(B)(X) to be the full
subcategory of Dl/)[l] (X) consisting of F for which there exists a
neighborhood €2 of B such that SS(F)NQ C B and F € DY, (X; Q)
is microlocally tame.

Remark 2.6. — The reason why we introduce the notions of tame and

microlocally tame objects is that we can deduce the statements in this

section directly from the corresponding ones in [17].

2.3. Functorial operations

We consider the behavior of the microsupports with respect to functorial
operations.

PROPOSITION 2.7 (cf. [17, Prop. 5.4.4, Prop. 5.4.13, and Prop. 5.4.5]).
Let f: X — Y be a morphism of manifolds, F € Dl/)m(X), and G €
D?[l] (V).

(i) Assume that f is proper on Supp(F'). Then

SS(foF) C fxfy (SS(F)).

TOME 0 (0), FASCICULE 0
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(ii) Assume that f is non-characteristic for SS(G) (see [17, Def. 5.4.12]
for the definition). Then SS(f~'G) USS(f'G) C faf1(SS(Q)).

(iii) Assume that f: X — Y is a vector bundle over Y and there exists
an open covering U of Y such that F' is locally tame with respect to
U = {f~Y(U) | U € U}. Then SS(F) C f4(X xy T*Y) if and
only if the morphism f~'Rf,F — F is an isomorphism.

The following proposition is called the microlocal Morse lemma, which
follows from Proposition 2.3(iii) and Proposition 2.7(i).

PROPOSITION 2.8 (cf. [17, Prop. 5.4.17]). — Let F € DY, (X) and
¢: X = R be a C*-function. Moreover, let a,b € R with a < b. Assume

(i) ¢ is proper on Supp(F),
(i) dp(x) & SS(F) for any x € ¢~ ([a,b)).

Then the canonical morphism
(2.4) RI (¢ ((—00,b)); F) = R (¢~ ((—00,a)); F)
is an isomorphism.

For closed conic subsets A and B of T* X, let us denote by A + B the
fiberwise sum of A and B, that is,

x € w(A)Nm(B),

(2:3) A+B:_{(x;a+b) aeAﬂﬂ_l(a?)beBﬂﬂ_l(x)}CT*X'

PROPOSITION 2.9 (cf. [17, Prop. 5.4.14]). — Let F,G € D};;;(X).

(i) IF SS(F) NSS(G)* C TLX, then SS(F ® G) C SS(F) + SS(G).
(ii) IFSS(F)NSS(G) C T4 X, then SS(Hom(F, G)) C SS(F)® + SS(G).

Let ¢: X — R be a C°°-function and assume that do(x) # 0 for any
x € p71(0). Set U == {x € X | p(x) < 0}. For such an open subset U of
X, we define

(2.6) N*(U)=SS(ky)* =TxX|v U{(x; dp(z)) | () =0, < 0}.

LEMMA 2.10. — Let U be an open subset of X as above, j: U — X be
the open embedding, and Z = U. Moreover, let F € D}/D[l] (X) be a locally
tame object.

(i) If Supp(F) C Z and SS(F)NN*(U) C T%X, there exists a natural
isomorphism Fy ~ F.

(i) If SS(F) N N*(U)* C T%X, there exists a natural isomorphism
Fz; ~ Rj,j 'F.
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Proof. — (i) Consider the exact triangle Fy — F' — F,-1(q) 2+ where
SS(Fy) € N*(U)* 4+ SS(F) and (N*(U)® + SS(F))NN*(U) C TxX. By
Proposition 2.3(ii), we have SS(F,-1(0)) NN*(U) C Tx X. However, for any
locally tame G € D‘/Dm (X) supported on a closed submanifold N of X, the
set SS(G) contains T X |supp(c), Which intersects with N*(U) outside the
zero-section unless Supp(G) = (. Hence, we obtain F,-1) ~ 0.

(i) We obtain the morphism by applying Ri, to the morphism i~'F —
Rj!j'"~Yi~1F, where i: Z — X and j': U — Z are the inclusions. The cone
of Fz — Rj,j 'F is supported on ¢~1(0). By [17, 5.4.8] and the locally
tameness of F, SS(Fz) USS(Rj.j 'F) C N*(U) + SS(F) and hence the
cone is 0 as in (i). O

PROPOSITION 2.11 (cf. [17, Thm. 6.3.1]). — Let M be a manifold. Set
U:=M xRy, X =M xR and denote by j: U — X the open embedding.
Moreover, let G € D]/D[l}(U ) and assume that there exists an open covering
V of the open subset {(x,u;&,v) | £ # 0} of T*X = T*(M x R) such that

(1) (z,u;&,v+A) €V forany V eV, (z,u;€,v) € V and X € R,
(2) G as an object of DY (U; {(z,u;&,7) | € # 0,u < 0}) is microlo-

/11
cally tame with respect to {VNT*U |V € V}.

Then, letting SS(G) denote the closure of SS(G) in T* X, one has the fol-
lowing.

(i) If

(ii) If

SS(G) NN
SS(G) NN

“(U)* C TL X, then SS(Rj,G) C SS(G) + N*(U).
“(U) € T4 X, then SS(RjiG) C SS(G) + N*(U)°.

2.4. Composition of sheaves

We recall the operation called the composition of sheaves.

For i = 1,2,3, let X; be a manifold. We write X;; = X; x X; and
X123 == X1 x Xy x X3 for short. We denote by ¢;; the projection X253 —
Xij;. Similarly, we denote by p;; the projection T X123 — 1™ X;;. We also
denote by pi2a the composite of p1o and the antipodal map on T* X5.

Let A C T*Xq9 and B C T* X53. We set

(2.7) Ao B = pi3(pjs- AN py B) C T* Xy3.

We define the composition of sheaves as follows:
(2.8)
2+ Dy (Xa2) x Dy (Xas) = Djpy(Xis)

(K12, Ka3) — K2 2 Koz = Rqi3, (15 K12 ® ¢53 Ko3).
2
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14 Tomohiro ASANO & Yuichi IKE

If there is no risk of confusion, we simply write o instead of 2 By Propo-
2
sition 2.7(i) and (ii) and Proposition 2.9, we have the following.
PROPOSITION 2.12. — Let K;j € D}/D[l] (X;j) and set A;; = SS(K;;) C
T*X;; (ij = 12,23). Assume

(i) qus is proper on g5 Supp(Ki2) N ¢35 Supp(Kas),
(i) pigaliz Npog Ao N (T, X1 x T Xo x Tk X3) C T%,, Xi23.

Then
(29) SS(K12 )? Kzg) C A12 o A23.

2.5. phom functor

The bifunctor phom is originally defined in [17, §4.4] for the usual derived
category, and then generalized to the case of the triangulated orbit category
by [11, 12] as phom: D'/Dm (X)°P x D'/Qm (X)— D?[l] (T*X). Here we recall
its properties.

PROPOSITION 2.13 (cf. [17, Cor. 5.4.10 and Cor. 6.4.3]). — Let F,G €
D‘/j[l] (X) be microlocally tame. Then
(2.10) Supp(phom(F,G)) C SS(F) N SS(G),
(2.11) SS(uhom(F,G)) € —h~Y(C(SS(G), SS(F))).

(See Section 2.1 for C(Sy, S2) and h: T*T*X = TT*X.)

If F,G € Dk/’m (X; ) are microlocally tame, phom(F, G)|q € Dk/’m (Q) is
locally tame.

The functor phom gives an enrichment in D?[ll (T*X) to D?[ll (X). For

each F' € D1(X), idp € Hom(F, F) ~ Hom(kr-x, phom(F, F)) induces

a morphism

(2.12) id%: kp«x — phom(F, F).

For each F,G,H € D}/D[l] (X), a composition morphism

(2.13) ot whom(G, H) ® phom(F,G) — phom(F, H)

is defined. This composition is unital and associative.
For an open subset 2 of T* X, the restriction of uhom to € also gives an

enrichment in D?m(ﬂ) to D]})[l] (X;9Q).
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DEFINITION 2.14. — Let Q be an open subset of T*X.
(i) For F,G € D/[ll( ), define

Hom{, (F,G) .= H*RI'(Q; phom(F, G)).

One also defines a new category D’; 1) (X;9Q) as follows:

(2.14) Ob(D7[1]( ) = Ob(D/m (X;9)),
' HomD;;[ ](X;Q)(F, G) := Homf(F,G) for F,G € Ob(D‘;m (X;Q)).

(ii) ForFGED/[l](X;Q),
mpG: Home (X ) (F, G) — Homg (F, G)

denotes the natural map, which induces a functor from D'/:’ (X;9)
to D/ (X;9Q).

(iii) For v 6 Hoth/,[ (X )(F, G), one denotes by v" the corresponding
morphism kg — phom(F,G)|q in D/[l](Q)

Note that the notation in (iii) is compatible with (2.12). We also use the
notation Endf,(F) := Hom{,(F, F) for F € D/[1] (X;9Q).

2.6. Simple sheaves

Let A be a locally closed conic Lagrangian submanifold of T*X and
p € A. Simple sheaves along A at p are defined in [17, Def. 7.5.4], which
we recall below. For a C*°-function ¢: X — R such that ¢(7m(p)) = 0 and
Ly, = {(z;dp(x)) | + € X} intersects A transversally at p, one can define
T, = Tpp € Z (see [17, §7.5 and A.3]).

PROPOSITION 2.15 ([17, Prop. 7.5.3]). — Fori = 1,2, let p;: X — R be
a C'*°-function such that ¢;(m(p)) = 0 and Ty, intersects A transversally
at p. Let F € DP(kx) and assume that SS(F) C A in a neighborhood of
p. Then

(2'15) RF{«PlZU}(F)ﬂ’(p) = RF{@z?O}(F)ﬂ'(p) [%(TSW — Tpy )} .

DEFINITION 2.16 ([17, Def. 7.5.4]). — Let F € DP(ky) such that
SS(F) C A in a neighborhood of p. Then F is said to be simple if
RIt,>0y(F)r(p) =~ k[d] for some d € Z, for some (hence for any) C°°-
function ¢ such that ¢(m(p)) = 0 and T'g, intersects A transversally at p.
If F is simple at all points of A, one says that F' is simple along A.
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16 Tomohiro ASANO & Yuichi IKE

DEFINITION 2.17. — An object F € D}/Dm (kx) is said to be simple

along A if for each p € A there exist an open neighborhood U of p in X
and G € DP(X;U) that is simple along A N U such that i(G) ~ F in
D‘;’[l] (X;0).

One can prove that if F' € D?[l] (X) is simple along A, then id} |s: ka —
phom(F, F)| is an isomorphism.

LEMMA 2.18 (cf. [11, Lem. 6.14]). — Let A; and Ay be two conic La-
grangian submanifolds of T*X that intersect cleanly. For i = 1,2, let
F; € Dt/)[1],(Ai)(X) be simple along A;. Assume that there exists an open
neighborhood €2; of A; for i = 1,2 and an open covering U of 01 Ny such
that

(i) each connected component of Ay N Ay is contained in some element
of U,

(ii) Fy and F» are microlocally tame with respect to U as objects of
Dl/)[l] (X, Ql N Qg)

Then phom(F1, F2)|a,na, = Ka,na,-

3. Tamarkin category and distance for sheaves

In this section, we introduce a modified version of Tamarkin category [24]
and the translation distance [5]. Since proofs for the results in this section
are almost the same as those of [5, 14], we omit the details here and discuss
more precisely in Appendix A.

From now on, until the end of this paper, let M be a non-empty connected
manifold without boundary. Recall also that k denotes the field Fy = Z/27Z.

3.1. Definition of Tamarkin category

In this subsection, we define a modified version of Tamarkin category
DF (M), which is a crucial tool to give a better estimate of displacement
energy. For the original definition, see [24] (see also [14]). As mentioned in
Remark 1.2, the modifications are the following threefold:

(i) replacing the additive variable space R with Sj = R/0Z for some
0 € R}O,
(ii) adding a parameter manifold P,
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(iii) using the triangulated orbit category instead of the usual derived
category.

Let 6 € Rs and set Sj := R/0Z. Note that S; = R when 6 = 0.
We denote the image of ¢t € R under the quotient map R — S} by [¢] or
simply t. Moreover, let P be a manifold. Denote by (z;¢) a local homo-
geneous coordinate system on T*M, by (y;n) that on T*P, and by (¢;7)
the homogeneous coordinate system on T*S; and T*R. We define maps
G1,02,80: M x P x S} x S — M x P x S} by

Qi(z,y,t,t2) = (z,y, 1),
(31) 52(1‘72177517@) = (xay7t2)7
89($7 Y, t17 t2) = (.’IJ, Y, tl + t2)‘
If there is no risk of confusion, we simply write s for sp. We also set
it MxPxSy—MxPxS8} (x,y,t) — (z,y, —t),

3.2
(3:2) 0:MxPxR—MxPxS;, (z,y,t) — (2,9, [t]).

Note also that if § = 0 then ¢ is the identity map. We also write £: R —
Sj,t — [t] by abuse of notation.

DEFINITION 3.1. — For F,G € DY,;(M x P x S}), one sets

/1)
(3.3) F+G:=Rs(§;'F®q'Q),
(3.4) Hom*(F,G) = R1. RHom(g; ' F, s'G)

~ Rs, RHom(g; 'i ' F, G G).

Note that the functor * is a left adjoint to Hom™.
For a manifold N, we set Q1 (N)g :=T*Nx{(t;7) | 7> 0} C T*(NxS})
and write Q4 = Q4 (M x P)g for short. We define the map

Py —— T M
(3.5) w w
(z,y,t;6,m,7) —— (2; /7).

We also define an endofunctor P; of D‘/D[l] (M x P x S}) by
Pp = Rbkpry pxjo400) * (<),
which induces the equivalence of categories
(3.6) Pi: DYy (M x P x Sg;00) S DYy ooy (M x P x Sp),

where +(—) denotes the left orthogonal.
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18 Tomohiro ASANO & Yuichi IKE

DEFINITION 3.2. — One defines a category D¥(M)y by
(3.7) D" (M) = DYy (M x P x 55;Q4)

and identifies it with the left orthogonal LD]/O[l],{rgo}(M x P x Sj). One
also sets SS (F) :== SS(F)N Q. for F € DP(M)g. For a compact subset A
of T*M, one defines a full subcategory DX (M)y by
(3.8) DY (M) =Dy 14y (M x P x 55:Q4).
If P = pt, we omit P from the above notation.

The bifunctor Hom* induces an internal Hom functor Hom*: D (M), x
DF(M)y — DF(M)g (see [5] for the details). An argument similar to [14]
proves the following.

PROPOSITION 3.3 (cf. [14, Lem. 4.18]). — Let q: M x P x S} — S} be
the projection. For F,G € D}/)[1] (M x P x S}), there are isomorphisms
59) Hompr (), (Q(F), Q(G)) ~ HomD‘;[l](Mxsz;)(Pl(F)vG)
~ H"RIYp 4o0)(R; {'Rq, Hom*(F,Q)),
where @Q: D?[l](M x P x S3) — DP(M)y is the quotient functor. In par-
ticular, if F' € J-Dl;’[l]y{Tgo}(M x P x S}), one has isomorphisms
Hompr ap), (Q(F), Q(G)) =~ Hole/’[I](MxPxS;)(Fv G)

(3.10) '
~ H* Rl 1o0)(R; £ Rg. Hom™ (F, G)).

3.2. Distance and stability with respect to Hamiltonian
deformation

We introduce a distance on DY (M )y following [5]. For ¢ € R, we define
the translation map
(3.11) T.: M x P xSy —MxP xSy, (x,y,t) — (z,y,t+c).
For F € DP(M)y and ¢,d € R with ¢ < d, there is a canonical morphism
Ted(F): Teo F' — Ty, F (see Appendix A.3). Using the morphism, we define
the translation distance dpr(ys), as in [5].
DEFINITION 3.4 (cf. [5, Def. 4.4]). — Let F,G € DY (M)s,.
(i) Let a,b € Rxq. The pair (F,G) is said to be (a,b)-interleaved if
there exist morphisms «,6: F — T,,G and 8,v: G — T, F satis-
fying the following conditions:
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(1) F % 1,.G Ta—5> Toto, F is equal to 19 q4p(F): F — Tyup, I
and s
(2) G X7 F =22 Tot,G Is equal to 79,445(G): G = To1p,G.
(ii) One defines
dprany, (F, G)
=inf{a+beRxo|a,beRso, (F,G) is (a,b)-interleaved},

and calls dpr(pp), the translation distance.

(3.12)

Now we consider Hamiltonian deformations of sheaves. Let I be an open
interval containing the closed interval [0,1]. Let H: T*M x I — R be a
compactly supported Hamiltonian function and denote by ¢ : T*M x I —
T*M the Hamiltonian isotopy generated by H. We set

(3.13) |2 = / 1 (mgx H,(p) — min Hs<p>) ds.

Moreover, let K € DP(M x Sj x M x Sj x I) be the sheaf quanti-
zation associated with ¢, whose existence was proved by Guillermou-
Kashiwara—Schapira [13] (see also Appendix A.2). For s € I, we set KT :=
KH|MXséxMX5;X{S}. Then the composition with K induces a functor

(3.14) o = KH o (—): DP(M)y — DY (M),
which restricts to DY (M) — Dgf(A) (M) for any compact subset A of T* M,

by Proposition 2.12. The following proposition is one of the main results
of [5], which is a stability result of the translation distance with respect to
Hamiltonian deformation. For the outline of the proof, see Appendix A.3.

PROPOSITION 3.5 (cf. [5, Thm. 4.16]). — Let ¢ : T*M x I — T*M be
the Hamiltonian isotopy generated by a compactly supported Hamiltonian
function H: T*M x I — R and denote by ®{': DF(M)y — D¥(M)g the
functor associated with ¢t . Then for F € DY (M)y, one has an inequality
dpr(an), (F, 11 (F)) < || H|.

As explained in the introduction, one can obtain a sheaf-theoretic bound
for the displacement energy of two compact subsets, using the proposition
above (see Proposition A.8).

4. Sheaf quantization of rational Lagrangian immersions

In this section, we prove the existence of sheaf quantizations of a certain
class of Lagrangian immersions, following the idea of Guillermou [11, 12].
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4.1. Definitions and statement of the existence result

First we introduce some notions for Lagrangian immersions. We assume
that L is a compact connected manifold.

DEFINITION 4.1.

(i) A Lagrangian immersion ¢: L — T*M is said to be strongly rational
if there exists a non-negative number 0(1) € Ry such that the
image of the pairing map (t*a,—): Hi(L;Z) — R,y — f,y o is
0(1) - Z. We call 6(¢) the period of ¢.

(ii) For a strongly rational Lagrangian immersion ¢v: L — T*M, one

defines
[:]0,1] = L, R
N .
tol(0)=10l(1) =0

(4.1) r(1) = inf ({/lm

Note that the infimum of the empty set is defined to be 4occ.

Notation 4.2. — Let +: L — T*M be a compact strongly rational La-
grangian immersion with period § = 6(¢) and f: L — S} be a function
satisfying ¢*a = df. One defines a conic Lagrangian immersion 7y by
(42)  T=Tp LxRog —= TH(M % Sp), (y,7) = (Te(y), (= f(y); 7))
and sets

7 > 0, there exists y € L,
(43) A=A,y =1 (e.6:6,7) €T (M xS))

(#;:6/7) = uy) t = = f(y)
One also sets Ay, A, C T*(M x (0,7(:)) x S§) by

Aq - AL,f,q = {(ZE,U,t;g,O,T) | ($,t;§,7) € AL,f}7

Ar - AL,f,r = {(x7uut;£a =T, T) | ((E,t - u;é-?T) € AL’f}'

Moreover, we make the following assumption.

ASSUMPTION 4.3. — There exists no curve [: [0,1] — L with 1(0) #
1(1), tol(0) =¢ol(1), and f,1*a =0.

Under Assumption 4.3, the conic Lagrangian immersion 7 is an embed-
ding and we identify it with the conic Lagrangian submanifold A. Without
this assumption Propositions 5.20 and 5.21 do not hold in general. More-
over, thanks to the assumption, we can apply the method in [12] for the
construction of a sheaf quantization.

The following is the existence result of a sheaf quantization of a strongly
rational Lagrangian immersion, which we will prove in the next subsection.
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THEOREM 4.4. — Let v: L — T*M be a compact strongly rational
Lagrangian immersion with period 6 = 0(1) satisfying Assumption 4.3. Take
a function f: L — S} and define A, A, A, as in Notation 4.2. Then for each
a € (0,7(¢)), there exists an object G (o,q) € LD?[l],{Tgo}(M x(0,a) x Sg) ~
DO (M) satisfying the following conditions:

(1) SS(Go.0)) € (AgUA,) NT*(M x (0,a) x S}),

(2) G(o,a) is simple along Ay N T*(M x (0,a) x Sg),

(3) Fo = (RjsG(0,0))|Mx{oyxsy is isomorphic to 0, where j is the in-
clusion M x (0,a) x S} — M x R x S},

(4) there is an open covering {Va}o of Qy(M)g such that G q is
microlocally tame with respect to {V, x T*(0,a)}4.

Moreover, the object G (g ,) automatically satisfies
dD(OvLL)(M)g (G(O,a)y 0) < a.
For the reason why we take a € (0,r(¢)), see Remark 4.16.

Example 4.5 (An object associated with the unit circle). — The embed-
ding v: R/27Z — T*R,s +— (coss,sin s) is strongly rational with 6(¢) =
r(1) = m. The function f: R/27Z — Sk, s — 15— 1 sin 2s satisfies df = 1*a.
Applying Theorem 4.4 to these c and f, we obtain G (g,q) € J‘Dt/’m,{T@} (Rx
(0,a) x SL) for each a € (0,7). The boundary set of the support of G(0,0)

is
WRX(O,@)XS},(SOS(G(O@)))
= {(coss,u,—f(s)) | s e R/27Z,u € (0,a)}
U{(coss,u,—f(s) +u)|se€R/2xZ,u € (0,a)}
C Rx (0,a) x SL.

(4.4)

The support of G(g,q) is the closure of the bounded regions enclosed by the
boundary set with respect to the standard metric. The support of G g )
can also be written as

(4.5)  Supp(G(o,a))
= {(x,u,t) €R x (0,a) x Sk | (x — cos g(—t))(x — cos g(—t +u)) < 0},

where g: S — R/277Z is the inverse of f. See Figure 4.1.

At each interior point of Supp(Go,q)), the stalk of G 4y is isomorphic to
k. At each boundary point of Supp(G/o,q)), the stalk of G g ) is isomorphic
to k or 0. Indeed, for any point (z,u,t) € Rx (0,a) x Sx, the stalk of G(g 4
at (v, u,t) is isomorphic to k if and only if (x,u,t +¢) € Supp(Gg,q)) for
sufficiently small € > 0.
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Figure 4.1. G (g ) associated with the unit circle

Remark 4.6. — For any Legendrian submanifold £ of ST*(M x S} ), there
exist n € Zxg, a strongly rational immersion ¢: L — T*M with period nf
satisfying Assumption 4.3, and a primitive function f: L — S}, such that
pn(As)/Rag = L, where p,: T*(M x S) — T*(M x S}) is the natural
covering map. Thus, Theorem 4.4 gives a sheaf quantization object for a
Legendrian submanifold of ST*(M x Sj).

4.2. Construction

In this subsection, we prove Theorem 4.4 following the idea
of [12, Thm. 12.2.2 and §12.3]. We prepare some notions introduced by [12].

4.2.1. Kashiwara—Schapira stack
First we introduce Kashiwara—Schapira stack [12, Part 10]. This is an
important tool to construct the sheaf quantization G gq4)-

DEFINITION 4.7. — Let A be a locally closed conic Lagrangian subman-
ifold of T* X

(i) For V C A, one defines a category uShmt 0 A (V) as follows:

Ob (uShmt’O( )) = Ob (Dbmt (X))

/[]:A /1L,(V)
(4.6) Hom, gm0 (v (F, G) = Hompy | (x;v)(F, G)
for F.G € Ob (uSuyi, (v)).
The correspondence V uShnlt (V) defines a prestack ,uShnﬁ]oA

on A.
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(ii) One defines the Kashiwara—Schapira stack ,uSh‘/“[iL A on A as the
associated stack with uShr/rﬁ’]OA. The quotient functor gives a functor
mp: D?f?]l,t(l\) (X) — ,uSh’/n[i]’A(A) (see also Definition 2.5)

(iii) An object F € uShr/Iﬁ]’A(V) is said to be simple if F is obtained by
gluing simple objects.

Remark 4.8. — The stack uShI/’“[tlL A defined above is smaller than or equal
to the Kashiwara-Schapira stack pSh/;1(ka) in [12]. We put the microlo-
cally tameness condition since they are easier to treat.

Arguments similar to [12, §10.4] show the following proposition.

PROPOSITION 4.9. — Let A be a locally closed conic Lagrangian sub-
manifold of T*X. The category ,uSh’}“[tl],A(A) has a unique simple object.

4.2.2. Doubling functor and doubled sheaves

First we construct G ) for a sufficiently small ¢ > 0 so that G(g ) is
locally isomorphic to an image of Uy, which we define below. We introduce
a variant of the convolution functor x in Section 3. Set v := {(u,t) | 0 <
t <u} C Rsg x R. For an open subset U C M x Sj, we define

(4.7) U, = {(z,u,t) € M x Rsg x Sj | (z,t — [c]) € U for any c € [0,u]}

We also define a functor ¥y : D?[l] U) — D'/Jm (Uy) by Uy (F) == Rsy (FX
k’y)|Uw where SU UX]R>0 xR — MXR>O X 591 is (x,tl, u, tg) — (x,u, t1+

[ta])-

The next lemma follows from [12, Thm. 11.1.7].

LEMMA 4.10. — Let s23 be the swapping map M x S§ x R — M x R x
Sy, (z,t,u) = (z,u,t) and jy be the open embedding U, — U, U sa3(U x
Reo). Then Rju, Wy (F)| sy, xfoy) = 0 for any F € Dy (U).

DEFINITION 4.11 (cf. [12, Def. 11.4.1]). — Let A be a conic Lagrangian
submanifold of Q4 (M)g such that A/Rsq is compact and A/Rsq — M is
finite. A finite family U = {U, }yep of open subsets of M x S} is said to be
adapted to A if it satisfies the following conditions:

(1) marxsi(A) € Upep Us-

(2) For each b € B, there exist an open subset W, of M and a con-
tractible open subset I, of Sy such that U, = W, x I, and TArx S} (AN
U, C Wy, x K for some compact subset K of I.

(3) For any By C B, RHom(kys:,kyxs1) =~ Kgsr where Ubt =
UbeBl Us.
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(4) Setting Ay == AUT;, o (M x S;), one has

xSé(

(48)  (3S(kuo )T SS(kyo)?) N (A F(A4)%) € Ty, (M x S})
for any By, Bs C B.

See [17, Def. 6.2.3(v) and Rem. 6.2.8(ii)] for the definition of + in (4.8).

Similarly to [12, Lemma 11.4.2], we obtain the following.

LEMMA 4.12. — Let A be a conic Lagrangian submanifold of Q4 (M)g
such that A/Rs¢ is compact and let {A;};cs be a finite open covering of
A by conic subsets. Then there exist

(i) a homogeneous Hamiltonian isotopy (E on Q4 (M)y, as closed to id
as desired and
(ii) a finite family {U,}pep of open subsets of M x Sj that is adapted
to p(A)
such that for each b € B, each connected component of (E(A) NT*U, is
contained in (E(Aj), for some j € J.

DEFINITION 4.13. — Let A and U = {Uy}pep be as in Definition 4.11.
Let U be an open subset of M x Sj. We denote by D‘/iﬁl],AM(U) the sub-
category of D'/DM(U X Rs¢) formed by F such that, for sufficiently small

e>0

(i) Supp(F)N(Ux(0,¢)) C {(z,t+[c],u) € Ux(0,¢) | (z,t) € 7(A),c €
[0, ul},

(ii) every point of U has a neighborhood W such that mo(ANT*W) =
{A;}; is finite, and for each A; there exist a subset B; C B and a
microlocally tame object F; € D?[1],Ai (kw) with SS(F}) = A; such
that

(4.9) Flwe ~ @ Yw(RIys, (F))|we,

where W¢ := W, N W x (0,¢) and UP* := J,c g, Us.

For F € D(/iFll],Au(U)’ there exists a well-defined open subset SS!(F)
of ANT*U locally defined by SS™ (F)NT*W = |J,(A; N T*UP") with the
notation of Definition 4.13. For an object F' € D(/ihl],A,U(M x S3) satisfying

b,m m *
SSIL(F) = A, the functor my : D/m,t(A)(U) — uSh/[tl]’A(A NT*U) defines
mPl(F) € uSh%]’A(A) so that miPY(F)[s, ~ ma,(F;)|a,, again with the
notation of Definition 4.13. See [12, Part 12] for more details. Arguing
similarly to [12] with some R’s replaced by Si’s, one can prove the following.
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PROPOSITION 4.14 (cf. [12, Thm. 12.2.2]). — Let A and U = {Up}ren
be as in Definition 4.11. For any object F € uShI/n[tl],A(A) there exists an

object F € DY /(M x S§) such that SS™(F) = A and m{P!(F) ~ F.

Now we give a proof of Theorem 4.4.

Proof of Theorem 4.4. — Since the conditions in Theorem 4.4 are pre-
served by the action of a homogeneous Hamiltonian isotopy on Q4 (M)g, we
may assume that there exists a family U adapted to A by Lemma 4.12. By
Proposition 4.9 and Proposition 4.14, there exists F' € D?E)II],A,M(M x S§)
such that SS™(F) = A and m{"'(F) is simple. For a sufficiently small
a > 0, the object F|p/(0,a)xs3 € Dl/)[l] (M x (0,a) x Sj) satisfies the con-
ditions (1)—(4), where (3) follows from Lemma 4.10 and (4) is verified by
the microlocally tameness of F;’s in Definition 4.13.

The construction for a larger a € (0,7(¢)) is parallel to that in [12, §12.3].
We use a homogeneous Hamiltonian isotopy qg = ((Eu)ue(o’a) ST (M xS})x
(0,a) — T*(M x S}) such that

(a) ¢. = id for some ¢ € (0, a),
(b) ¢, is identity on A for any u € (0,a),
(c) for € € (0,a) given in (a), any u € (0,a), and any (z,t;&,7) € A,

one has ¢, (x,t +;¢,7) = (x,t +w; &, 7).

Such &5 exists since A is disjoint from T/ A for any v € (0,a), where
T.: T*(M x S§) — T*(M x Sp§) is the lift of To,: M x S} — M x S}.
Hence we can apply a parallel argument to obtain an object GI(O,a) on
M x (0,a) x Sj. Since a is strictly smaller than r(:), near the {u = a}-
part, the boundedness of the quantization of QNS is guaranteed. Defining
G, = Pi(Glg4) € "Dy rcoy(M x (0,a) x S5), one can check the
conditions (1)-(4) for G g, 4) by using those of the object corresponding to
a smaller a.

Let us show dpo.a (ar),(G(0,0),0) < a. Take @ € (a,r) and G(a) €
D(Lo’a)(M )¢ satisfying the conditions in Theorem 4.4 with a replaced by a
so that G(o,a)|M><(o,a)xs; is isomorphic to Gg q). Define Dg = {(u,s) €
R? | 0 < w < s < a} and denote by p: M x Dz x Sj — M x (0,a) x
S§, (x,u,s,t) — (x,u,t) the projection. Moreover, we set G := p~'G(0,3) €
DP%(M)g. Define the map

k: M x Ds x Sj — M x (—00,a) x (—o0,d) x Sp,

(4.10)
(z,u,s,t) = (z,u—s+a,s,t)
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and set G’ = Rk1g|MX(0,a)X(,OO’a)XS;. Then it satisfies G'|{s—0} =~ 0,
G'l{s=ay = G(0,a) and SS(G") C T (M x (0,a)) x{0 < 0 < T} ((—o0,a)xSY)-
Thus we obtain the result by Lemma A.5. 0

Remark 4.15. — In our situation, we cannot apply the above construc-
tion for a > r(¢) since T, A may intersect A if u > r(¢) and an isotopy b as
above does not exist. This is one of the differences from the construction
of [12]. We also remark that a conic half-line in the intersection A N7, A
corresponds to a Reeb chord of A/R~¢ in the cosphere bundle.

Remark 4.16. — One could take a = r(:) to obtain an object G g r(,))-
For construction, we need to use the sheaf quantization of a homogeneous
Hamiltonian isotopy 5 = (ggu)ue(o,m)) that diverges at u = r(¢). Hence the
boundedness of the quantization of ;5 and the well-definedness of G/ ,(,))
are unclear. This is why we take a € (0,7(¢)) and construct G g, ). More-
over, it gets more complicated to obtain similar results to Section 5 with
the possibly constructed G .(.))-

5. Intersection of rational Lagrangian immersions

In this section, using the refined version of Tamarkin category intro-
duced in Section 3 and the sheaf quantization constructed in Section 4,
we give explicit estimates for the displacement energy and the number of
the intersection points of rational Lagrangian immersions (Theorems 5.4
and 5.5 below). These are proved by a purely sheaf-theoretic method and
partial generalizations of results of Chekanov [6], Akaho [1], and Liu [19]
(see Remark 5.7 for more details).

5.1. Statements of theorems
First we give the definition of rational Lagrangian immersions. Here again
we assume that L is a compact connected manifold.

DEFINITION 5.1.

(i) A Lagrangian immersion ¢: L — T*M is said to be rational if there
exists o(t) € Rxq such that

(5.1) {/D v | (0,7) € z(L)} — ()2,
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where

(5.2) () = {(U,U)

v: D> - T*M,v: 9D* - L,
V|lgp2 =107 )

We call o(¢) the rationality constant of ¢.
(ii) For a rational Lagrangian immersion ¢: L — T* M, one defines

(5.3)  e(t) = inf<{/m vtw

(0.7) € B IS0 | 1R )

where
v: D* - T*M,v: [0,1] — L,
(5.4) E(1) = { (v,9) | v(0) #9(1),L00(0) = o v(1),
vlops 0 exp(2my/—1(-)) = 10T
Remark 5.2. — A strongly rational Lagrangian immersion is rational.

Indeed, for a strongly rational Lagrangian immersion ¢ with period 6(¢),
one can check that it is rational with rationality constant nf(¢) for some
n € Zxo. However, the converse is not true. For example, the graph of
any closed 1-form § on a compact connected manifold M is rational with
rationality constant 0, but this embedding has a period 6(¢) if and only if
there exists a primitive element b € H'(M;Z) such that [3] = 0(c) - b €
HY(M;R).

We make the following assumption, which we will use in the reduction to
the case of a strongly rational Lagrangian immersion with Assumption 4.3
in the next subsection (see Lemma 5.11).

ASSUMPTION 5.3. — There exists no (v,7) € E(t) with [, v*w = 0.

Our results are the following: the first one is an estimate for the number
of Lagrangian intersection for immersions by the total Betti number of L
under the transverse assumption, and the second is an estimate by the
cup-length of L.

THEOREM 5.4. — Let v: L — T*M be a compact rational Lagrangian
immersion satisfying Assumption 5.3. If |H|| < e(:) and ¢: L — T*M
intersects ¢ o v: L — T*M transversally, then

dim L

(5.5) #{(,y) eLxL|uy) =of ouly)} = > bi(L).
1=0
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THEOREM 5.5. — Let ¢: L — T*M be a compact rational Lagrangian
immersion satisfying Assumption 5.3. If a Hamiltonian function H satisfies
|H|| < min ({e(¢)} U ({o(+)/2} NRxyp)), then

(5.6) #{(.y") € Lx L|u(y)=o1 ou(y)} > cl(L) +1,

where cl(L) denotes the cup-length of L over Fy (see Section 5.3.3 for the
definition).

Remark 5.6. — If e(t) # o(¢) then min ({e(¢)} U ({o(¢)/2} NRsp)) =
e(t).

Remark 5.7. — Our theorems are partial generalizations of results of
Chekanov [6], Akaho [1], and Liu [19] in the following sense. Their results
hold on any compact symplectic manifold and do not require Assump-
tion 5.3. Remark that they all used Floer-theoretic methods to prove the
results and our method is independent from theirs.

(i) The result of Chekanov [6] is Theorem 5.4 for a rational Lagrangian
embedding ¢ (i.e., rational Lagrangian submanifold) with rational-
ity constant o(¢) > 0. Remark that e(¢) = o(¢) in this case.

(ii) The result of Akaho [1] is Theorem 5.4 for an exact Lagrangian
immersion ¢, which corresponds to o(¢) = 0, under the condition
that the non-injective points are transverse.

(iii) Liu [19] proved that for a rational Lagrangian embedding ¢ with
rationality constant o(¢) > 0, if ||H|| < e(t) = o(¢) then the es-
timate (5.6) holds. This estimate is Theorem 5.5 with the bound
min ({e(¢)} U ({o(r)/2} NR<o)) = o(¢)/2 replaced by o(¢).

Remark 5.8. — In the Floer-theoretic approach, one can study the cases
|H|| > e(t) using bounding cochains in the sense of [2, 8, 9]. Fukaya—
Oh-Ohta—Ono [8, 9, Thm. J] and [10, Thm. 6.1] gave an estimate for
the number of the intersection points of Lagrangian submanifolds. More-
over, they proved a common generalization of the results of Chekanov [6]
and [8, 9, Thm. J] with a slight modification of the definition of bounding
cochains [8, Thm. 6.5.47].

5.2. Reduction to strongly rational case

In this subsection, we reduce the problem to the strongly rational case.

Notation 5.9. — For a Lagrangian immersion ¢: L — T*M, one defines
F(¢) to be the set of non-injective points: F(¢) = {(y,y') € Lx L | y #
Y uly) =¥}
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LeEmMMA 5.10. — Let ¢: L — T*M be a compact connected rational
Lagrangian immersion with rationality constant o(t). Assume that m (7 o
t): w1 (L) — 71 (M) is surjective. Then, there exists a closed 1-form 8 on M
such that the immersion 1+ 3: L — T*M,y — 1(y)+ B(moi(y)) is strongly
rational with (1 + ) =o(t+ 8) = o(1) and r(t + ) = e(t + B) = e(v).

Proof. — Since 71 (L) — m1(M) is surjective, so is the induced homo-
morphism of groups [m1(L), 71 (L)] — [m1(M),m1(M)]. Consider the com-
mutative diagram of groups

1 1

! !

[m1 (L), mi(L)] = [ (M), m (M)] — 1

(6.7) 1 —— Ker(mi(mo1))C 1

|

( 1 (
! !
0 — Ker(Hy(mo;Z))—— Hy(L;Z) —» H1 (M
l l
0 0

L)

(M) ——1
i Z) ——0
By the nine lemma for groups, we find that Ker(mi (7 o)) — Ker(H; (7 o

;7)) is surjective.
Choose a section w: Hy (M;R) — Hi(L;R) of Hy(mo¢;R): Hi(L;R) —
Hy(M;R) and take a closed 1-form 3 on M such that [5] = (w(—), [-t*a]) €

H'(M;R) ~ Hom(H;(M;R),R). Since (14 )*a = t*a+(mwor)*j3, the pair-
ing with [(¢ + 8)*a] vanishes on the image of w. Thus we obtain

{L(L-l-ﬂ)*oz

VGHNEZﬁ

={L(L+B)*a
:{Ab*a
_{AL*Q

where the third equality follows from the surjectivity of Ker(m (7w ot)) —
Ker(Hi(mo;Z)). This proves that ¢+ 3 is strongly rational and 6(: + 3) =
o(t) =0o(t+ B).

For each (yo,y1) € F(v+ ) = F(1), there exists an element (v,7) € E(¢)
such that ©(i) = y; (i = 0,1). We obtain such a pair (v,7) as follows. Take

v € Ker(Hy (7 o ¢; Z))}

v € Ker(Hy (7o L;Z))}

v € Ker(my (7o L))} =o() - Z,
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a path connecting yy and y; in L. Composing 7 o ¢ with this path gives
an element of 71 (M, 7 o t(yo)). We can take a preimage of the element in
m1(L, yo) by the surjectivity of m1 (L) — m1(M). Concatenating a represen-
tative path of the inverse of the preimage to the original path on L, we
obtain a path ¥ connecting gy and y; that bounds a disk v in T* M. By the
existence of such (v,v) € E(¢), we conclude r(¢ + ) = e(t + ) = e(r). O

LEMMA 5.11. — Assume that Theorems 5.4 and 5.5 hold for any
strongly rational Lagrangian immersion ¢: L — T* M satisfying Assump-
tion 4.3, 0(¢) = o(1), and r(¢) = e(¢). Then Theorems 5.4 and 5.5 hold for
any rational Lagrangian immersion.

Proof. — Take the covering p: M — M corresponding to ¢, (71 (L)) C
w1 (M). Then a lift 7: L — T*M of « induces a surjection on the funda-
mental groups and o(z) = o(¢). By the construction of p, a non-injective
point (y,y’) € F(¢) of ¢ is one for 7 if and only if there exists (v,7) € E(¢)
with (y,vy") = (9(0),5(1)). Hence e(7) = e(¢) and Assumption 5.3 for ¢ is
equivalent to Assumption 5.3 for 7.

Take a closed 1-form £ on M satisfying the conclusion of Lemma 5.10
for 7. By the surjectivity of (7)), Assumption 4.3 for 7+ § is equivalent
to Assumption 5.3 for 7+ (3, which is equivalent to Assumption 5.3 for .
Furthermore, for a Hamiltonian function H on T*M, setting H to be the
composite of H and the projection T*M — T* M, we get |H| = ||H|| and

{(,v) e LxL|uly)=¢1 ouly)}

(5.9) B {(y,y’) eLxL }T(y) = off Of(y’)}
={wy)erxr| T+ =of o T+H)}-
Thus Theorems 5.4 and 5.5 for ¢ are reduced to those for 7+ . O

5.3. Proof for strongly rational cases

This subsection is devoted to the proofs of Theorems 5.4 and 5.5 for a
strongly rational Lagrangian immersion. In what follows, we assume the
following.

ASSUMPTION 5.12. — An immersion v: L — T*M is a strongly rational
Lagrangian immersion satistying Assumption 4.3, 6(¢) = o(¢), and r(¢) =

e(t).
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We write § = 6(¢) for simplicity. Set A = A, 5 as in (4.3). Let a €
(0,7(¢)) and G o,q) € J_Dl/)[l],{rgo}(M x (0,a) x S3) be an object given in
Theorem 4.4. We denote by j,: M x (0,a) x S} — M x R x S} the open
embedding and define
(510) F(O a) = ja!G 0,a)» F[O,a] = Rja*G(O,a) € D?[l] (M X R x S;)
Note that F(o,q) € "DV oy (M x R x S5) and
(511) HOHl(F(O,a),F[O,a]) ~ H RF[O,-i-oo) (R;K!Rq* Hom*(F(07a),F[07a]))

by Proposition 3.3, where Fj ] also means Q(FJo o) € D*(M)g by abuse of
notation and Hom(—, —) denotes Hompe ), (—, —) unless otherwise spec-
ified hereafter. Using the fact that F{g ,) is in the left orthogonal, we also
find that Hom(F\g,q), Flo,q)) is naturally isomorphic to End(G/o,q)) by the
adjunction j,, - jo~

Notation 5.13. — One defines subsets of T*R by
c(a) ={(0;v) | -1 <v<0}U{(w;v) |0<u<a,v=0,-1},
d(a) = c(a) U {(a;0) [v = —1},
q(a) = c(a) U{(a;v) | v <0},
l(a) == {(a;v) | -1 < v < 0}.

One also defines their “conifications”, which are subsets of 1 (R)g, by

c(a) = {(u, ~uv;Tv,7) | (u30) € c(a)},
a(a) =¢(a) U{(a,0;v,7) | v>0}U{(a,[a];v,T) |v>—T},
q(a) =¢(a) U{(a,0;v,7) | v <0} U{(q, [a;v,7) | v < =T},
1a) = {(a,[a];v,7) | =7 < v < 0}.
Notation 5.14. — For cones C; C Q4 (M)g and Cy C Q4 (P)g, one defines

512) O, BCy =1 (x,y,t, +t2:6,1,
( ) 1 2 {(my 1+t2:6,m,7) (g, t2;m,7) € Cs

(z,t1;6,7) € C,
' "lea,,

LEMMA 5.15.

(i) One has SS; (Fio..)) C A8 d(a) and SS;(Fo) C ABG(a). In
particular, F(g q), Flo,q) are objects of D]F(L)(M)g.
(ii) One has

(5.13)  SS(F(o,0)) N {7 =0} (Mxexs?) C{u=a,£=0,02 0} (arxmxst),
(5.14)  SS(Flo,q)N{r= 07+ (arxrxsy) C {u=a,§=0,v <O} r-(arxrxsy)-
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Proof. — In this proof, {—} denotes {*}T*(Mx]Rxsgy Since Aq U A, C
{fv=0,—7} and N*(M x (0,a) x S§) C {r = 0}, we find that SS(Gg,q)) N
N*(M x(0,a) x Sg) and SS(G (9,4)) "N*(M x (0,a) x S§)* are contained in
the zero-section. By Proposition 2.11, we obtain SS(F(g 4)) C SS(G(0,q)) +
N*(M x (0,a) x S;)a and SS(F[O’a]) C SS(G(O’Q)) + N*(M x (0,a) x S;)
Fiberwise computations show

SS(Fo,0)) N{u =0} C {(z,t;§,7) € Av
SS(Flo,q) N{u =0} C {(=,1;§,7) € A,v
SS(Flo,a)) N {u =a} C {(z,t;§,7) € Av

U{(z,t — a;¢&, )

<O0}U{r=0,6=0,0<0},
>-—1tU{r=0,£=0,v >0},
Z
€A

0}

SS(F[O,a]) m{u:a} c {(Ji,t;f, )6 A v
U{(z,t —a;&,7) € ,US—T}
U{r=0,£=0,v<0}.

The cone of the natural morphism Fig ) — Fjo,q) is supported on M x {a} x
S§, since Flg 4 |Mx{o}xs; is isomorphic to 0 by Theorem 4.4(3). Hence, by
the triangle inequality (Proposition 2.3(ii)), we obtain

SS(Flo,.a)) N {u = 0} = S8(Flgq)) N {u = 0}

5.15
(5.15) CA{(z,t;¢,7) € A, —7 < v <0},

which proves the results. O

Now let H: T*M x I — R be a compactly supported Hamiltonian func-
tion and denote by ¢ = (¢H)ser: T*M x I — T*M the Hamiltonian
isotopy generated by H

Notation 5.16.

(i) One sets ff == ¢l oy and fH = f—Loh: L — S} with h ==
upot: L — R (see Appendix A.2 for the definition of uq).

(ii) Ome also sets C(t, H) == {(y,y') € L x L | «(y) = (')} and
defines g: C(v, H) = S§ by g(y,v") = fH (') — f(y).

(i) For y € L, one sets (y) = {(z, —f(5); 6,7) € A | (#:6/7) = 1(y)} C
T*(M x Sp).

(iv) One defines A := ¢ (A) (see Appendix A.2 for ¢7), namely

(z:¢/7) = (y),t = —f"(y)

7 > 0, there exists y € L,
(5.16) AH =S (x,t;6,7)€T*(M x S})
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We denote by &4 DP(M)g — DF (M) the functor associated with ¢

(see (3.14)) and set F[0 o = = ®{! (Fjo,q))- Note that SS (F] [0, a]) c AP @Bq(a)

and (5.14) also holds with Fjg o) replaced by F[o o]’
We denote by ¢: M x R x Sj — S} the projection and by ¢ the quotient

map R — S;. From now on, for simplicity we write 7T, instead of T, for
ceR.
PROPOSITION 5.17.

(i) One has dD(M)g(F[O,a]aF[Io{ ) < ||H]||. In particular, for any a' >
|H||, there exist b € |0, a] and morphisms o: Fjgq — TbF[O a]’
R F | = Tor—vFlo,q) such that 1o 4 Fg o] — T Flo,q) Is equal to
T, 0 04
(ii) One has
7(SS(¢' Ry, Hom™ (Fp,q), F[IO{Q])))
(5.17) there exists (y,y') € C(1, H),
' cleceR|g(y,y)=—-c mod 8 or
gy, y)=—c—a mod 0

(iii) Ifd < a, then T0,a’ * HOIH(F((),(I), F[07a]) — HOHl(F(O,a),Ta/F[07a]) is
an isomorphism.

Proof.

(i). — Tt follows from Proposition 3.5 and Definition 3.4.

(ii). — Let 7. be the translation map Q4 — Q4 or Q4 (R)g — Q4+ (R)g
that is the lift of T.. By Lemma 5.15 and the above remark on F[0 a)’

we have SS(i “tFo,0) N SS(F, o, a]) = (). Hence by Proposition 2.9(ii) and
Proposition 2.7,

m(SS(¢' Rq. Hom* (F 0.0), Flo.a))
(5.18) C {—c | SS(Fo,w) NTUSS(Fify)) # 0}
C{—c|ABd(a) NT.(A" BG(a)) £ 0}.
If (z,u,t;€,0,7) € ABd(a) NT.(AY B(a)), then there exist t1, o, ts, ty €
Sy with t =t 4+ t2 = t3 + t4 + [] such that (z,t1;€,7) € A, (u,ta;0,7) €
d(a), (z,t3:€,7) € A (u,ty;v,7) € G(a). Then

(u,ta;0,7) € d(a) NT},_,, (G(a)),
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where we use T7, for ¢’ € S} by abuse of notation. Since

) c(a) (¢ =0)
(5.19) d(a) N T2 (G(a)) = { 1a) (¢ = [a))
1] (otherwise),

we have to — t; = 0,[a]. By definition, there exist y,y’ € L such that

wy) = (Y) = (2,8/7).t1 = —f(y), and t5 = —f7(y'). Then g(y.y') =
—t3+1t1 = [¢] — (t2 — t4), which implies that the sets in (5.18) are contained
in the right-hand side of (5.17) and the assertion holds.

(iii). — By Proposition 3.3, we have
(5.20) Hom(F(g a), TeFlo,a)) =~ H*RI}_ . 4 o0)(R; €' Rgs Hom*(F (g a): Flo.a]))

for any ¢ € R. Set # = ¢'Rq, Hom™(Fo,q4), Flo,q)- Applying (ii) to the case
H is a constant function, we get [—a’,0) N 7(SS4(H)) = 0. Hence by the
microlocal Morse lemma (Proposition 2.8) for H and the five lemma, we
find that H*RIo 1o0)(R;H) = H*RI_y 4oc)(R;H) is an isomorphism,
which proves the result. O

Now we assume that the Hamiltonian function H satisfies ||H| < r(¢).
Moreover, we fix a,a’ € Rsq such that |[H|| < ¢’ < a < (). By Proposi-
tion 5.17(i) and (iii), the isomorphism 7 . factors as

(5.21) Hom(F\(g,q), Flo,q)) = Hom(F (g q), TbF[loL{a]) — Hom(Fo,q), Tar Flo,a))

for some b € [0,a’]. We also fix such b in what follows.
In order to study the second object in (5.21), we set
Hb = EIR(]* /7"[OTTL*(.Z*—’(0,G)7 TbF[g,a])

(5.22) *
~ ('Rq, T, Hom (Flo,a)» F[g,a])-

Note that H* Rl 1 o0)(R; Hp) >~ Hom(Fg,q), Tb,cF[ga]) for ¢ € R. We also
define
W, = H*RF[C,+OO)(Hb)c

(5.23) i
~ H RF[O’J',OO) (K!Rq* Hom*(F(O’a), Tb—cF[Io{a]))O

for c € R.

The following proposition is an essential tool for the proofs of theorems
below, which decomposes the information of Hom(Fg 4, T3 F; [g{ a}) into that
of W,.’s.
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PropoSITION 5.18. — In the situation above we have the following.

(i) Assume that ¢ € R is not an accumulation point of w(SSy(Hs)).
Take d,d’ € R satisfying (1) d < ¢ < d' and (2) 7(SS4+(Hsp)) N
[d,d'] C {c} and define

(5.24) A, := Coker(Hom(F(g a), To—a Ff o) = Hom(F(o,a), Ts—aFif) o))
(5.25) B. = Ker(Hom(Fg,a), To—ar Fiff o)) = Hom(F(g.a), Ty—aFlfy o))-

Then there exists a short exact sequence of right End(G (g 4))-modules
(5.26) 0— A, - W.— B, — 0.
(ii) Assume that w(SS4(Hp)) is a discrete set and let
(5.27) 7(SS4+(Hp)) N [—a,0) = {c1,...,cn}

with ¢; < -+ < ¢,. Take dy,...,d,—1 € R satisfying ¢; < d; <
Ccy < - <dp_1 < cp and set dy = —a,d, = 0. Define

(5.28) Va = Im(Hom(Fg,q), Ty Fify o)) = Hom(Flo,a), To—aFif o))

for d € [—a,0]. Then for any i =0, ...,n there exists a submodule
Be, of B., and a short exact sequence of right End(G g 4))-modules

(5.29) 0— Be, = Va, = Va,_, = 0.

Moreover, Vg, ~ 0.
(iii) Assume that m(SS1(Hs)) is a discrete set and let

(5.30) m(SS+(Hp)) N [0,a) = {cn+1,- -, Cntm}
with ¢p41 < -+ < Cpym. Take dpy1,...,dnem—1 € R satisfying
Cpt1 < dn+1 < Cpy2 < - < dn+m—1 < Cp+m and set d,, =

0,dn4+m = a. Define
(5.31) Va = Im(Hom(Fg,q), Ty—aFify 1) = Hom(Flo.a), ToF(G o))

for d € [0,a]. Then for any i = n+1,...,n + m there exists a
quotient submodule A., of A., and a short exact sequence of right
End(G/(g,q))-modules

(5.32) 0— Vg, — Vyg,_, = A, — 0.

~0.

Moreover, Vy

n4m
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Proof.

(i). — Consider the exact triangle

(5.33)  RITar.4oe)(R; Hp) = RITa o0y (R; Hy) = RIa.ar)(R; Hy) <5,

where the third object is isomorphic to RITc 4o0)(Hp)e by the microlocal
Morse lemma (Proposition 2.8). Note that in the triangulated orbit cate-
gory D?[u (k) the shift functor [1] is naturally isomorphic to the identity
functor. Hence, applying the cohomological functor H* Home L) k,—)

gives the long exact sequence

R

(5.34) <_> Hom(F(g,q), Tb—d’F[I(ia]) — Hom(F{,q), Tb_dF[{){a}) — W, _>

Q Hom(F(g,a), Tb*d’F[I(ia]) — Hom(F{g,q), Tb*dF[{){a]) —y e

which induces the short exact sequence (5.26) of k-vector spaces. Through
the natural ring homomorphism

(5.35) End(G(o,a))" ELIN End(Fo,q))® — End(Hs),
we find that the exact sequence is that of rlght End(G(g,q))-modules.

(i) (iii). — Defining B,, := B,, N Vy,, we obtain the exact sequence
(5.29) of k-vector spaces.

The induced morphism A, — Coker(Vy, — Vg,_,) is surjective and
Coker(Vy, — Vg,_,) is isomorphic to a quotient module ﬁci of A.,. This
gives the exact sequence (5.32) of k-vector spaces.

The constructions above are natural with respect to H; and the exact
sequences are those of right End(G ,q))-modules.

Let us prove V4, =~ 0. The proof for Vj ~ ( is similar. Since

70,a(F0,0)) = Ja170,a(G(0,)), it is enough to show 70,4(G(0,q4)) = 0. Apply-
ing the microlocal Morse lemma (Proposition 2.8) to Hom™(Fo,q), Flo,a]),
for a sufficiently small € > 0, we find that

(5. 36)

m(Homp,e) (a1, (G(0,a): G(0.a)) = Homp.e) (ar), (G (0,a), TaG(0,a)))

Im(
i~ Im(HomDR(M (F(O,a)aF[O,a]) - HomDR(M)g(F(O,a)vTaF[O,a]))
~ Im(HomDR(M (Fl0,a)s Flo,a)) — Homopz ary, (Fl0,a)> TateFlo,a)))

Im(Homp . a)(M)g (G(o a)s G(o a)) — Hompo, a)(M)g (G(o a)> Ta+sG(o a)))
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Therefore the result follows from the assertion dp.q) (ar), (G(0,0),0) < ain
Theorem 4.4. 0

5.3.1. Study of phom between sheaf quantizations

In this subsection, we compute End(G/,q)) and W, using phom functor.

LEMMA 5.19.

(i) For ¢ € R, there is an isomorphism
(537 We =~ H*RT(Qy; phom(Fo,ay, To—cF) o))
= HOI?(I?Z+ (I*ﬂ(o’a)7 Tb,CF[I(;I’a] ))

(ii) For c € R,

(5.38) Supp(uhom(F(oﬁa),TCF[IJG])|Q+) C Ci(a,c) U Cq(a,c),
where
Ci(a,c) = U l(y)Be(a) and Cs(a,c) = U 1(y) B1(a).
9(y,y")=l[cl 9(y,y")+[al=[c]
Proof.

(i). — The proof is essentially the same as that of [15, §4.3]. The only
and slight difference appears in checking that 6: (M x R) x S§ x Sj —
(M x R) x (M x R) x Sj x Sj is non-characteristic, which can also be
verified easily.

(ii). — By Proposition 2.13 and Lemma 5.15, we get
Supp(phom(Fo.a), TeFi o)l0, ) © SS+(Flo,a) N To(SS+(Fify o))

(5.39) CAEa@mﬂmHEmd

where T : Q4 — Q. is the lift of T,.. The equality AEEa(a)ﬁTé(AHEEa(a)) =
C4(a,c)UC(a, c) has been checked in the proof of Proposition 5.17(ii). O
ProprosITION 5.20.
(i) The object Fig 4y (resp. Fig,q)) is simple along AB(d(a)\€(a)) (resp.
A B (q(a) \ €(a)))-

(ii) There exists an isomorphism phom(Fg 4y, F(o.0))l0, =~ kAEEﬁ(a)

such that the diagram

ko, } kAEaH(a)

(540 e |
F(o,a)

Mhom(F(O,a)v F(O,a))|9+
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commutes. In particular, End‘é+ (Flo,0)) ~ H*(L) = @, 5, H' (L k)
”w .
as k-vector spaces. Moreover, Floay:Flo.a):Flo.a) induces the cup
product on H*(L) through this isomorphism. Similarly, there is
an isomorphism phom(Fig 41, Flo,q))|0, =~ kAEEIa(a)'
(iii) There exists an isomorphism pthom(Fo,qy, Flo,a)) |0, =~ kAEQ(a) such
that the diagram

kABﬂE(a) K \#e(a)
(5.41) ZJ lz
phom(F(o,q),%)|a
1hom(Fo 0y, Flo.a))lo. % phom(Fo,a), Fio.a)lo,

commutes, where ¢: F(g 4y — Flo,q) is the canonical morphism and
the left vertical arrow is the isomorphism given in (ii). In partic-
ular, Hom’;2+ (Fl0,a), Fjo,a)) =~ H*(L) as k-vector spaces. Moreover,
°%<0,a>,F<U,a)7F[o,a] induces the usual right H*(L)-module structure
on H*(L) through these isomorphisms.

Proof.

(i). — It follows from (ii) and Theorem 4.4(4).

(ii). — Since Supp(phom(F(o,q), Fo,a))le,) C A B a(a) by Proposi-
tion 2.13 and Lemma 5.15, the morphism

i, ko, = phom(Fo ay, Flo.m)le,

factors through k
k

ABd(a)" We define £ to be the cone of the morphism
AEd(a) 7 #hom(F(0.a), Flo,0))|0, - We will show that & = 0.

Again by Proposition 2.13 and Lemma 5.15, setting Cﬁﬁ =—h"}(C(AB
d(a), A B d(a))) we have

SS(,uhom(F(oya), F(O,a))|ﬂ+) C Caﬁ

Since SS(k

AEEIE(a)) C U445 by the triangle inequality (Proposition 2.3(ii)),
(5.42) SS(€) C C455 C ~h7'((dp)~'C(d(a),d(a))).

s
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We decompose a(a) into the following nine parts

Dy = {(a,0;v,7) | v > 0}, Dy ={(a,0;0,7)},
D3 = {(u,0;0,7) | 0 < u < a}, Dy :={(0,0;0,7)},
D5 ={(0,0;v,7) | -1 <wv <0}, Dg:={(0,0;—7,7)},
D7 = {(u,[u];—7,7) |0 <u<a}, Ds:={(a,la];—7,7)},
Dy = {(a,la];v,T) |v > —T}.
Let p: A B a(a) — A be the unique continuous map satisfying

p(z,u,t;8,0,7) = (x,¢;€,7) for any (x,u,t;&,v,7) € AEEa(a) and some
t'. Define A; := AB D; for i = 1,...,9. Let p; be the projection A; — A
that is the restriction of p. For even i, p; is bijective. For odd i, we define

q; that is an extension of p; by

qi: Q= {u=a,v>0}q,

(x,a,t;é-,U,T) =

q3: Q3= {0 <u<a,v=_0}q,

(x7u7t; 67 0) T) =

¢5: Q5 :={u=0,-7 <v <0}q,

(.’E,O,t;g,U,T> =

qr: Qr={0<u<a,v=—-7la,
(x7uat;£a -, T)

qo: Qo = {u=a,-7 <viq,

— Q4 (M),
(z,t:€,7),
= Q4 (M),
(z,1:€,7),
— Q4 (M),
(x,t;€,7)
— Q4 (M),
—u;&,7),
M)y,

— (z,t
= Q4 (

(Z‘,a,t;f,U,T) = (Jf,t

—a;&,7).

The image of (g;)q contains SS(€|q,) for each odd i. Here we show it in the
case ¢ = 7, for example. We denote by (z,u, i,€,0,7) a homo-
geneous coordinate system of T, . Let i7: Q7 — Q. be the inclusion. It
is enough to check SS(€) N T*Q4 |, is contained in ((i7)q4) ' (Im(g7)a). A
direct computation shows

(5.43) ((ir)a)~"
On the other hand, C5 N7 |q, is the conormal bundle of A7 and hence
contained in {& = —t}7-q, . Hence the image of (g7)q contains SS(€|q,).
For each odd i, by Proposition 2.7(iii) and Theorem 4.4(4), there exists
an E; € D/[I](Q+(M)9) satisfying Supp(FE;) C A and &|g, ~ ¢; ' F;. We
also define E; = Elg (a),mp, for even i. By Theorem 4.4(2), we have
Elo, (MyeBEDs = O On a neighborhood of Ag, the set CAA does not intersect
{av < 0}r-q, . Using Lemma 2.10(ii) for ¢ = £(u + £ — a), we find that

t’ 57 U? T; x? u?

(Im(gr)q) = {0 <u < a,v=—7,0=—1}rq,.
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E, ~ Ey ~ E3 and € is of the form p~!E; on this neighborhood. By
similar arguments for Ay, Ag and Ag, we get 5|ABﬂa(a) ~ p~Y(Eslp) ~ 0,
which proves the first assertion.

The last assertion is proved in a parallel way.

Let us prove the second assertion. Denote by

®2
v € Hom ((kAHﬁ(a)) ’kAEE(a))

the morphism corresponding to o*}(o ) Fo.a)-Flo.a) through the isomorphism

proved above and by v': H*(L)®? — H*(L) the induced morphism. Con-

. . . . L L.®2 ~ R : .
sider the canonical isomorphism (: kAaaﬁ(a) — ko da) that induces the

cup product U: H*(L)®? — H*(L). The morphism w: H*(L) — H*(L)
corresponding to v o (7! satisfies w(B) = w(1) U B for any 3 € H*(L).
By construction, v'(a; ® as) = w(a; U as) = w(l) U ag U ay for any
a1,y € H*(L), which also shows w(1) = v/(1 ® 1). The morphism idﬁ';(o,a)
corresponds to 1 € H*(L) and hence by the unitality v'(1 ® 1) = 1, which
proves the result.

(iii). — The morphism phom(F(gq,%)la, factors through kAEEE(a)'
Since ¢|{u<a}n+ is an isomorphism, kABH?(a) — phom(F(g 4y, Fjo,q)) is also
isomorphic on {u < a}q, . The cone £’ of kAEEl/c\(a) — pthom(F0,qy, Flo,q))| 0
is supported on {u = a}q, . Since the microsupports of both kABH?(a) and
phom(F (g 4y, Flo,q)lo, are contained in —h~'C(AHG(a), AEEa(a)), SS(&7)
does not intersect {@# > 0}7+q, . These two properties require £ ~ 0.

The composition morphism

phom(Fo,a), Flo,a))la, @ prhom(Fo,a), Fo,a))la, — phom(Fo.a), Fo.d)la.
is also determined by the unitality as in (ii). O
PROPOSITION 5.21. — There is an isomorphism of rings
(5.44) End(G/o,q) ~ H*(L) = @ H'(L; k).
i€z

Proof. — By the functoriality of m_ _: Dl/’m (X;Q) — D7[1] (X;9Q) (see
Definition 2.14(ii)) and Proposition 5.20, we obtain the ring homomorphism
(5.45)

End(G(0.0)) 2% End(Fo.q

) " E(0,a) F(0,a)
—_——

End?2+ (Flo,0)) ~ H*(L).

We check that this morphism is an isomorphism of modules.
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For any 0 < ¢ < r(¢)—a, there is an exact triangle of End(G (g,4))-modules
(5 46) Hom(F(oya), Tst{O,a]) — HOIH(F(O’Q)7 F[O,a])
. — H*RIY o0 (' Rg. Hom* (Fo,a), Fio.a]))o —

The second module is isomorphic to End(G/,q)). Moreover, the third one
is isomorphic to Homg,  (F{0,a); Flo,a)) by Lemma 5.19(i) (the case H =0
and ¢ = b), which is isomorphic to H*(L) by Proposition 5.20(iii). Thus by
the commutativity of the following diagram, it is enough to prove the first
module in (5.46) is 0:

End(G(o,q))
Jas
End(Fo.0)) ———— Hom(Flo.a), Flo.a))
(5.47) M (0,0)F(0,a) J{mFm,a)vF[o,aJ
Endg, (F0,a)) — Homg,, (F0,4)5 Flo,])

|

H*(L) ————— H*(L),

where 91 Flg,q) — Fjo,q) is the canonical morphism. All the arrows in the
diagram are morphisms of right End(G (g,4))-modules and the three arrows
in the left column are ring homomorphisms. Note that the unlabeled arrows
are all isomorphisms.

If a < 7(1)/2, we can choose 0 < €1,e3 < (1) — a so that €2 — &1 > a.
The isomorphism Hom(F(g 4y, T-c,Flo,0)) — Hom(F(g,a),Tc, Flo,q)) is
induced by 7_., ¢ (G(,)), which is the zero morphism since
dp.e)(ar), (G(0,a), 0) < @ by Theorem 4.4.

Now assume a > 7(¢)/2. In this case, we take a < @ < r(¢) and construct
an object H € D4 (pt)y such that Hlspx{uy ~ Ry, Hom™ (F(o,u), Flo,u])
for any u € (0,a) as follows. Let Ds and G € DP*(M)g be as in the proof

of Theorem 4.4. Set
(5 48) F1=RjG, F2 = Rj.G € DRX(O’&)(M)%
' H = Rq. Hom* (F1, Fs) € DO (pt)y,

where j: M x Dz x S — M x R x (0,a) x S} is the inclusion and
¢: M xR x (0,a) x S — (0,a) x S§ is the projection. Then the ob-
ject H|(o,a)x{c} is locally constant on (0,a) for 0 < € < (1) —a. This shows
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that Hom(Fg,.), T Fo,.)) does not depend on u € (0,a) and the result
follows from the case a < r(¢)/2. O

By Proposition 5.21, the modules W, A, B, etc. that appeared in
Proposition 5.18 are equipped with a H*(L)-action.

5.3.2. Betti number estimate: Proof of Theorem 5.4

In this subsection, in order to prove Theorem 5.4 for a strong rational
Lagrangian immersion satisfying Assumption 5.12, we assume the following.

ASSUMPTION 5.22. — The strongly rational Lagrangian immersion
t: L — T*M and the Hamiltonian function H: T*M x I — R satisfy
the following conditions:

(i) [H] < r( );
ii) ¢ and o Intersect transversally.
.o d {_I . 1]

Under the assumption, 7(SS (Hy)) is discrete by Proposition 5.17(ii).

LEMMA 5.23. — With the notation of Proposition 5.18, for t € S}, take
any t € (71(t) and set W, :== Wi, Ay == A;, and By := Bj, which do not
depend on the choice of t. Let ¢1, ..., ¢pym be as in Proposition 5.18(ii)
and (iii). Then

n
Z dim B; > Zdim B,, > dim H*(L),
=1

5.49 e

( ' ) n+m
ZdimAt2 Z dim A., > dim H*(L).
tes, i=n-+1

In particular,

(5.50) > dim W, > 2dim H*(L).

teSy
Proof. — Since the composite (5.21) is an isomorphism and
Hom(F(o,q), Flo,a)) ~ H* (L)
by Proposition 5.21, we have
(5.51) dim Hom(F{g o), Ty F{fl ) > dim H*(L).
By Proposition 5.18(ii), noticing that
Vi ~0 and Vg, ~ Hom(F(ga), ToFif) o),
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we get

(5.52) > dim B, > Y dim B, = dim Hom(F(g,q), ThF{ff ))-
j i=1

Similarly by Proposition 5.18(iii), noticing that

Vi, =0 and Vg, ~ Hom(Fq), ThFf ),
we get
n+m
(5.53) > dim A, > dim Hom(Fg,a), T Ff o)-
i1=n-+1
Moreover, by Proposition 5.18(i), dim B; + dim A; = dim W;. Combining
these inequalities, we obtain the result. O
PROPOSITION 5.24. — For ¢ € R, there is an isomorphism
phom(F (g, q), Te F ])|Q+
5.54 ~ . -
(5.54) = @ kz(y>aac(a) o D K, @ia)
9(y,y 9(y,y')+(a]=(c]

Proof. — We argue similarly to Proposition 5.20 and use the same no-
tation as in its proof and Lemma 5.19. Moreover, we set
F = phom(F.q), F[ga])|9+ € Dl/)[l](Q_s_)7 Dyo:={(a,[a];0,7)}, D11 =1(a),
and
q11 - O = {u =a,—T<v< O}Q+ — Q+(M)9,

(5.55) (z,a,t;€,0,7) = (x,t — a;€,7).

By Lemma 5.19(ii), Supp(F) C Ci(a,c) U Caz(a,c). Since Cq(a,c) and
Cs(a, ¢) are disjoint, F admits a direct sum decomposition of the form F ~
F' @ F" with Supp(F’) C Ci(a,c) and F” C Cs(a,c). By Proposition 2.13
and Lemma 5.15, we have

SS(F) c —h~(C(ABd(a), AT B{(a)))

C ~h7!((dp)~'C(d(a), a(a))).

The image of (g;)q contains SS(F'|q,) for each odd i. Therefore, by
Proposition 2.7(iii), there exists a locally tame object F, € D/[I] (Q(M)p)
with Supp(F}) € A and F'|g, ~ ¢ 'F! for any odd i. We also define
F{ = F'la, (m),mp, for even i. By Theorem 4.4 and Lemma 2.18, we have
F} ~ @g(y,y/):c k;(,)@mp,- On a neighborhood of Aj, the set ~h~lC(A @
d(a), A Bq(a)) does not intersect {@d < 0}r+q,. Using Lemma 2.10(ii)
for ¢ = u— 2 —a, we find that Iy ~ I3 and ]:/‘AEH::\(a) is of the form

(5.56)
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p~1F} on this neighborhood. By similar arguments for A4, Ag and Ag, we

!~ o~

get F' = Dy y,y)=l Ki(y)He(a):

By Proposition 5.20(i) and Lemma 2.18,

/! ~ /\
Flon = @ kl(y)EEIl(a)lgll'
9(y,y")+[a]=[c]

Using Lemma 2.10(i) for ¢ = v — % —a,—(u + % — a) — 1, we obtain

1~ ~
"= @y +al=1d iy y@ita)-

Combining these isomorphisms, we obtain the result. O

Proof of Theorem 5.4. — For t € S}, take t € £~'(t) as in Lemma 5.23.
By Lemma 5.19(i) and Proposition 5.24,

dim W, = dim H*RI(24; phom(F 0.0y, T, _7Fi0) o))
#(y,y) € C(, H) | g(y,y) = [b] — t}
+#{(y.y) € C(t, H) | g(y,y') + [a] = [0] — t}

for any t € Sj}. Hence, we get EteS; dim Wy = 2#C(¢, H). Combining this
equality with Lemma 5.23, we obtain the theorem. d

(5.57)

5.3.3. Cup-length estimate: Proof of Theorem 5.5

In this subsection, we give a proof of Theorem 5.5 for a strongly rational
Lagrangian immersion satistying Assumption 5.12.

First we introduce an algebraic counterpart of cup-length and study some
properties.

DEFINITION 5.25. — Let R be an associative (not necessarily commu-
tative nor unital) algebra over k. For a right R-module A, define
k6220, ag-ry--rp =0
(5.58) clgr(A) == inf{ k — 1| for any (r;); € R* and € Z»_1U{o0}.
for any ag € A
Note that
(i) clg(A) = —1 if and only if A = 0.
(i) clr(A) =0 if and only if A # 0 and ar = 0 for any a € A and any
rec R.

If there is no risk of confusion, we simply write cl(A) for clg(A).
By definition, one can easily show the following two lemmas.

LEMMA 5.26. — For an exact sequence A — B — C of right R-modules,
cl(B) < cl(4) + cl(C) + 1.

ANNALES DE L’INSTITUT FOURIER



SHEAF QUANTIZATION OF LAGRANGIAN IMMERSIONS 45

LEMMA 5.27. — Let R, R’ be rings and A be a right R-module. If R’
is a non-zero unital ring and the action of R on A factors as R —+ R’ —
End(A)°P, then clg(A) < clr(R’).

The usual notion of cup-length is related to the above definition as fol-
lows. Let X be a manifold. We define the ring Rx = @5, Hi(X;k)
equipped with the cup product and cl(X) := clg, (H*(X;k)). The number
cl(X) € Z>_1 U{oo} is called the cup-length of X.

Now we start the proof of Theorem 5.5. In what follows, we assume the
following.

ASSUMPTION 5.28. — The Hamiltonian function H satisfies ||H| <

min(r(¢),0(¢)/2).

Take a € R satisfying ||H|| < a < min(r(¢),6(¢)/2). From now on, until
the end of this subsection, set R := Ry = @,5, H'(L; k). Recall again
that by Proposition 5.21 the right End(G g q))-modules that appeared in
Proposition 5.18 can be regarded as H*(L)-modules and hence R-modules.

LEMMA 5.29. — Assume that 7(SSy(Hyp)) is a discrete set and let
€1, ..,y be as in Proposition 5.18(ii). Then

n

(5.59) n+ Y (W) = (L) + 1.
=1

Proof. — First recall that the composite (5.21) is an isomorphism and
Hom(F(g,q), Flo,a]) =~ H*(L) as R-modules by Proposition 5.21. Hence we
have

(5.60) cl(Hom (Fo,a), Ty Fii ) = cl(H*(L)).

Applying Lemma 5.26 to the exact sequences (5.29) and (5.26) of right
R-modules, we have

(5.61) cd(Vy,) < c(We,) +cl(Vy,_,) + 1.

Noticing that Vy, ~ 0 and Vg, =~ Hom(F(O,a),TbF[IO{a]), by induction we
obtain

n

(5.62) n+ > c(We,) = cl(Hom(Flo,q), ToF il o)) + 1,
i=1
which proves the result. O
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It remains to see the action of R on each W, ~ Hom’é+(F(07a), Ty, F[gla]).
Recall that for any ¢ € R,

H
(5.63) Homi,, 1) (F0,0): TeFio o)
~ H*RI(p~"(U); phom(Fo,ay, TeFifl 47))

admits a right End(G g q))-module structure. Hence it is equipped with a
right R-module structure through the ring homomorphism R «— H*(L) ~
End(G(07a)).

PROPOSITION 5.30. — Let U be an open subset of T*M. Then for any
ceR,

(5.64) cl (Hom"

Lo Foay ToFlLy) ) < A(H (H(U))).

Proof. — By the functoriality of m_ _ (see Definition 2.14(ii)), the ac-
tion of End(F,)) on Homz,l(U)(F(O’a), TCF[I(ia]) factors through
EndZ,l(U) (Fl0,0)), and so does the action of R. The ring Endz,l(U)(F(O,a))
is isomorphic to H*RI'(p~ (U); kamaa)np-1 (1)) =~ H*(¢71(U)) by Propo-
sition 5.20(ii). Hence the assertion follows from Lemma 5.27 if :=1(U) is
non-empty.

If :=1(U) is empty, Homﬁ,l(U)(F(O’a)7 TCF[I(ia]) is zero by Lemma 5.19(ii).
Hence both sides of (5.64) are —1. O

Proof of Theorem 5.5. — We may assume that C(¢, H) is discrete and
let ¢1, ..., ¢, be as in Lemma 5.29. Since a < 0/2, for any (y,y’) € C(¢, H),
the set

(5.65) {c eR

9(y,y')=—c+b mod 6 or
, N[—a,0)
9(y,y)=—-c+b—a mod0

is a singleton or empty. Hence, we have #C(t, H) > n.
Let ¢ be any of ¢, ...,¢, and set

(5.66) {(y1,91)s---» (Uks 1)}

= {(yv y/) € C(Lv H)

9(y,y') =—c+b mod 0
or g(y,y) = —c+b—a modf|’
Take a sufficiently small contractible open neighborhood U; of u(y;) =
LH(y;-) inT*M for j=1,...,kand set U := U§:1 U;. Then, by Lemma 5.19,
we obtain

W, ~ H*RF(Q+, /’Lhom(F(O,a)v Tb—cF[I(ia]))

(5.67) o .
~ H*RI'(p~ " (U); phom(F(0,a), To—cFlg q)))-
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Therefore, by Proposition 5.30, we have cl(W.) < cl(H*(:=1(U))) = 0,
which proves the theorem by Lemma 5.29. g

Remark 5.31. — The quantity cl+1 in the proof of Theorem 5.5 and
dim in the proof of Theorem 5.4 play similar but a bit different roles in the
following sense. For a short exact sequence 0 =+ A — B — C' — 0 of right
R-modules, cl(B) + 1 can be strictly smaller than cl(A) + 1 + cl(C) + 1
while dim B = dim A 4+ dim C' always holds. Because of this difference, the
proof of Lemma 5.23 with dim replaced by cl41 does not proceed in the
same way.

Remark 5.32. — If min ({r(:)} U ({6(v)/2} NRsg)) # r(¢), then () =
0(¢) as remarked in Remark 5.6. In such a case, for a € (6/2,r(¢)), the set
(5.65) may have two elements and our estimate for o(1)/2 < ||H|| < e(¢)
can be worse than (5.6).

A possible way to prove (5.6) for o(¢)/2 < ||[H|| < e(t) is to take a = r(¢)
as mentioned in Remark 4.16. In this case, the set (5.65) is a singleton for
each (y,y') € C(v, H). However, in the case a = r(¢), Lemma 5.19 does not
hold and proofs for Propositions 5.21 and 5.30 become more complicated.

Note that we have proved #¢(C(¢, H)) > cl(L) + 1 assuming C(¢, H)
is discrete in the proof of Theorem 5.5. More generally, we obtain the
following. We denote by pry: C(t, H) — L the first projection.

PROPOSITION 5.33. — Assume that the number of the values of g is
finite. Let g(C(t, H)) = {t1,...,t;} and set T; == g~ 1(t;) fori =1,...,1L.
Moreover, let V; be an open neighborhood of pry(T;) in L fori=1,...,1.
Then

l
(5.68) 1+ c(H*(V;)) > cl(L) + 1.

Proof. — Let cq,...,c, be as in Lemma 5.29. Then [ > n and we obtain
the result by Lemma 5.29 and a slight modified version of Proposition 5.30.
O

We can also deduce a similar statement without mentioning g.

PROPOSITION 5.34. — Assume that the number of the path-connected
components of C (i, H) is finite and let {Cy,...,C,,} be the set of the
path-connected components. Moreover, let U; be an open neighborhood of
pry(C;) in L fori=1,...,m. Then

(5.69) m+ i A(H*(Uy)) = cl(L) + 1.
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Proof. — Since g is constant on each path-connected component, the
assumption of Proposition 5.33 is satisfied. We use the same notation as in
Proposition 5.33. We define x: {1,...,m} — {1,...,1} so that C; C D,
for each i =1,...,m. Set V; := Uz‘eml(j) U;. It is enough to check that

(5.70) Y (C(H(U) +1) = cl(H (V) +1
ier=1()

for each j € {1,...,1}. This is obtained by iterative use of Lemma 5.35
below. O

LEMMA 5.35. — For open subsets Wy and Wy of L,
(5.71) Cl(H*(W1)) + cl(H* (W) 4+ 1 > cl(H* (W1 UWy)).

Proof. — By the Mayer—Vietoris sequence and Lemma 5.26, we get
(5.72) cl(H* (W1 UW2)) < cl(H*(WiNWa))+cl(H* (W)@ H*(Ws)) + 1.

Since cl(H* (W1 NW3)) < min{cl(H*(Wh)),cl(H*(W7))} and cl(H*(W7) ®
H*(W3)) = max{cl(H*(W1)),cl(H*(W3))}, the assertion holds. O

Although in Proposition 5.34 we state the result for a strongly rational
Lagrangian immersion satisfying Assumption 5.28, we can show that the
statement holds for any rational Lagrangian immersion as in Theorem 5.5
by an argument similar to Section 5.2.

Appendix A. Modified Tamarkin category and energy
estimate

In this section, we give a more detailed exposition on the modified ver-
sion of Tamarkin category DF(M),. We continue to use the notation in
Section 3.

A.1. Separation theorem

First noticing that £: M x P x R — M x P x Sj is a covering map, we
obtain the following.

LEMMA A.1.
(i) Let G € DYy (M x P x S5). If ¢ G ~0 then G =~ 0.
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(ii) The functor ¢': D?[l] (MxPxSg)— D?[l] (M x P xR) is conserva-
tive. That is, a morphism f in D]/O[l] (M x P x S}) is an isomorphism

if and only if so is 0'f.
Applying the proper base change and the projection formula, one can

prove the following.

LEMMA A.2. — For F,G € D'/Jm(M x P x R), there is an natural iso-
morphism

(A.l) ROF x ROG ~ RO(F x G),
where % in the right-hand side stands for the convolution x for the case
6 =0.

We define endofunctors P, and P, of D]})m(M x P x S}) by

Py = RUKp« pxjo,4+00) * (=) and P :=Hom™ (ROK s« pxjo,+00)> —)-
Using Lemma A.1 and Lemma A.2 and arguing similarly to [14], we can
show the equivalence of categories

Pi: DY (M x P x Sg;00) S DYy oy (M x P x Sp),
Pr: DYy (M x P x Sg;04) & DYy oy (M x P x Sg),
where (=) (resp. (—)1) denotes the left (resp. right) orthogonal.

For an object F' € DY (M), we take the canonical representative P;(F) €
LD‘{)T <0y (M x P x R) unless otherwise specified. The support of an object

F € DP(M) is defined to be that of P;(F). For a compact subset A of T*M
and F € DL (M), the canonical representative P;(F) € J-DE[’T@}(M x P x

R) satisfies SS(P,(F)) C p~1(A).
The following is a slight generalization of Tamarkin’s separation theorem.
PROPOSITION A.3 (see also [24, Thm. 3.2 and Lem. 3.8] and

[14, Thm.4.28]). — Let ¢ denote the projection M x P x S — Sj. Let
A, B be compact subsets of T*M and F € DY (M)y, G € DE(M)y. Assume
(i) ANB =0,
(ii) ¢ is proper on Supp(F') U Supp(G).
Then Rg. Hom™(F,G) ~ 0.

A.2. Sheaf quantization of Hamiltonian isotopies

In this subsection, we briefly recall the existence theorem of a sheaf quan-
tization of a Hamiltonian isotopy due to Guillermou—Kashiwara—Schapira
[13], with a slight modification so that it can be applied to our setting.
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Let I be an open interval containing the closed interval [0,1]. Let
H:T*M x I — R be a compactly supported Hamiltonian function and
denote by X, the associated Hamiltonian vector field on T*M defined by
da(Xs,—) = —dHs. We also denote by ¢ : T*M x I — T*M the Hamil-
tonian isotopy generated by X,. We consider the conification of ¢ as fol-
lows. Define H: T*M xT*S}xI — R by Hy(x,t;¢,7) == 7 H,(x; /7). Note
that H is homogeneous of degree 1, that is, Hy(z, t; ¢, ct) = ¢+ Hy(z, t; €, 7)
for any ¢ € Rs(. The Hamiltonian isotopy q’) T*M x T*S1 x I —T*"M x
T Sj associated with H makes the following diagram commute (recall that
we have set p: Qy — T*M, (x,t;&,7) — (2;€/7)):

Oy xI—2 50,

(A.2) pxidl Jp

T*M x I ——T*M.
¢H

Defining a C*°-function u = (us)ser: T*M x I — R by us(p) = f(f(H
a(Xs)) (o (p))ds’, we find that
(A.3) b, 1:6,7) = (@t + [us(2:€/7)); €, 7),

where (2/;&'/7) = (bf (x;€/7). By construction, ¢ is a homogeneous Hamil-
tonian isotopy: gg (z,t;¢€,em)=c- gg (z,t;€,7) for any ¢ € R>0 We define
a conic Lagrangian submanifold AA CT*M x T*S1 x T*M x T*SG x T*1
by

(A.4)

Az = {(Bua s 7). (@, =€ =7)u(ss L, 0 D, 1:6,7)) ) |
(2:€) e T*M, (t;7) € T*S}, s € I}.
By construction, we have
(A.5) H, 0 (e, 1:6,7) = 7+ (Hy 0 0f (1:6/7)).

Note also that
(A.6)

Az T = {(Buw,t56,7), (.t =6, =) | (w156, 7) € T"M x 15} }
CT*M x T*Sy x T*M x T*S}

for any s € I (see (2.7) for the definition of A o B). The following was
proved by Guillermou-Kashiwara—Schapira [13].
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THEOREM A.4 (cf. [13, Thm. 4.3]). — In the preceding situation, there
exists a unique object K € D"(M x S} x M x S} x I) satisfying the
following conditions:

(1) SS(KH) c Az
(2) KH|stgxstgx{o} o~ kAsté’ where Ay g1 is the diagonal of
M x S§ x M x Sj.
Moreover both projections Supp(K ™) — M x SG1 x I are proper.

The object K is called the sheaf quantization of $ or associated with ¢

A.3. Hamiltonian deformation for sheaves and translation
distance

In this subsection, we give the outline of the proof of Proposition 3.5.

Let F' € DP(M)g. Then the canonical morphism ROK 1 P[0, 400) * F —
F' is an isomorphism. Moreover, for any ¢ € R, we have an isomorphism
T (ROK A« P[0, 400) * F') = ROKprx px[e,400) * F. Hence, for any ¢,d € R
with ¢ < d, the canonical morphism Kpsx px[¢,4-00) = Karx Px[d,400) induces
a morphism 7. ¢(F): T.,F — T4, F in DY (M)y. Using the morphism, we
define the translation distance as in Definition 3.4.

The following is a modified version of the key lemma in [5], which we
used once in the proof of Theorem 4.4.

LEMMA A.5 (cf. [5, Prop. 4.3]). — Denote by q: M x P x S} x I —
M x P x S} the projection. Let H € D?rzo}(M X P x Sg x1I)and s1 < s2
be in I. Assume that there exist a,b,r € Ry satisfying

(A7)
SS(H)N7T 1M x P x Sy x (51 —7,50+7)) CT*(M x P)x (S§ xI) X Yap,

where vqp = {(1,0) € R? | —ar < 0 < br} C R% Then

(i) dDP(M)g(RQ*(HMxsz;x[sl,sQ))70) < a(sz — s1),
(ii) dDP(M)s(Rq*(HMXPXS;X(Sl,SQ]))7O) < b(SQ - 81)7
(iii) dDP(M)g(H|Mxsz;x{s1}aH|M><sz;x{32}) < (a+0b)(s2 — s1).

Outline of the proof. — We can prove (i) and (ii) similarly to that of [5,
Prop. 4.3], using Lemma A.6 below instead of the usual microlocal cut-off
lemma. Similarly to [5, Lem. 4.14], we can show that if ' - G — H +
is an exact triangle in DI{)T>O}(M x P x Sy) and dpr(up), (F,0) < ¢ with
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¢ € Ry, then dpr (), (G, H) < c. Hence, applying it to the exact triangles

RQ* (IHM><P><S§ X(Sl,SQ]) — RQ* (HMXPXS; X[sl,SQ])

+1
(A 8) _>H‘M><P><S;><{sl} —,
' Rq*(’HMXPXSéX[Sl752)) — Rq*(HMXPXS;X[517SQ])
+1
= Hlpmrxpxsix (s} —
we obtain (iii) by the triangle inequality for dpr (ar),- O

LEMMA A.6. — Define

5 MxPxS;xRxRxR— MxPxS;xR,
(z,y,t1,81,t2,82) = (x,y,t1 + [ta], 81 + $2),

Gi: MxPxS} xRxRxR—MxPxS}xR,
(z,y,t1,81,t2,82) — (x,y,t1,51),

zj2:M><P><591 XRXxRXR—MxPxRxR,
(x,y,t1, 81,12, $2) — (z,y,ta, $2).

Let v be a closed convex cone in R? with 0 € v and H € DP(M x P x
Sel x R). Then the canonical morphism RE*((Hl’H ® (j;lkMpr,Y) — H is
an isomorphism if and only if SS(H) C T*(M x P) x (S§ x R) x v°, where
~° denotes the polar cone of .

Outline of the proof of Proposition 3.5. — Let K be the sheaf quanti-
zation associated with ¢. Define H :== K oF € D?(M x Px S} xI). Then
we have H|M><P><5;><{O} ~ F' and H|M><p><sé><{1} ~ ®H(F). By Proposi-
tion 2.12 and (A.4), we get

(A.9) SS(H)

CT*(M x P) x {(t,S;T,O') —max Hy(p) -7 <0 < —mian(p)-T}.
P

p

Using Lemma A.5 (iii) and arguing similarly to [5, Prop. 4.15], for any
n € Zxo we obtain

(A.10) dpr(an, (F, 1 (F)) < i: % ( [nklaiil]f(s) + Errlclazcﬂ]g(s)) ;
k=0 €|y, SE|

n’ n

where f(s) = max, H,(p) and g(s) = — min, H,(p). For any € € R, there
exists n € Zxg such that the right-hand side of (A.10) is less than || H ||+,
which proves the result. O
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As an application, we give a sheaf-theoretic bound for the displacement
energy of two compact subset of T*M. For compact subsets A and B of
T*M, we define their displacement energy e(A, B) by

e(A, B)
(A11) = inf{|H||

Using Hom™ and the translation distance on D(pt)g, we introduce a

H:T*M x I — R with compact support,
An¢(B) =0

sheaf-theoretic energy.

DEFINITION A.7 (cf. [5, Def. 4.17]). — Let q denote the projection M x

P x S} — S}. One defines
(A 12) EDP (M) (Fv G) ::d’D(pt)e (RQ* Hom™ (Fv G)a O)
’ =inf {c € Rx¢ | 70.c(Rg. Hom™(F,G)) = 0}.

Note that by Proposition 3.3, we have

(AIS) B'DP(M)Q (F, G)
> inf {c € Ry ‘ Hompe gy, (F, G) — Hompe pyy, (F, Te, G) is Zero} .

Combining Proposition A.3 with Proposition 3.5, we obtain the following
refined version of the main theorem of [5]. Note that we do not use this
result in the previous sections, since we need more precise arguments for
the estimates of the number of the intersection points.

PROPOSITION A.8 (cf. [5, Thm. 4.18]). — Let g denote the projection
M x P x Sy — S§. Moreover, let A and B be compact subsets of T* M.
Then for any F € DY (M)y and G € DE(M)y such that q is proper on
Supp(F) U Supp(G),

(A.14) e(A, B) = epr ), (F, G).
In particular, for such F and G,
(A.15) e(A,B)
> inf{c S R>0 | HOIHDP(M)Q (F, G) — HomDP(M)g (F, T(*G) is ZGI'O}.
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