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Rank two ADHM invariants and wallcrossing

W.-Y. CHUANG, D.-E. DiACONESCU AND G. PAN

Generalized Donaldson—-Thomas invariants corresponding to local
D6-D2-DO0 configurations are defined applying the formalism of
Joyce and Song to ADHM sheaves on curves. A wallcrossing for-
mula for invariants of D6-rank two is proven and shown to agree
with the wallcrossing formula of Kontsevich and Soibelman. Using
this result, the asymptotic D6-rank two invariants of (—1, —1) and
(0, —2) local rational curves are computed in terms of the D6-rank
one invariants.
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1. Introduction

Motivated by string theory considerations, ADHM invariants of curves were
introduced in [6] as an alternative construction for the local stable pair
theory of curves of Pandharipande and Thomas [17]. They have been sub-
sequently generalized in [5] employing a natural variation of the stability
condition. An important feature of this construction resides in its com-
patibility with the Joyce—Song theory of generalized Donaldson—-Thomas
invariants [14]. Explicit wallcrossing formulas for ADHM invariants have
been derived and proven in [2] using Joyce theory [9-11,13] and Joyce—Song
theory [14].

The purpose of the present paper is to study a further generalization
of ADHM invariants allowing higher rank framing sheaves. This generaliza-
tion is motivated in part by recent work of Toda [21] and Stoppa [20] on
rank two generalized Donaldson-Thomas invariants of Calabi—Yau three-
folds. In contrast to [20,21], the invariants constructed here count local
objects with nontrivial D2-rank, in physics terminology. Similar rank two
Donaldson-Thomas invariants of Calabi—Yau three-folds are defined and
computed in [18,19] using both wallcrossing and direct virtual localization
methods.

Local invariants with higher D6-rank are also interesting on physical
grounds. Explicit results for such invariants are required in order to test
the OSV conjecture [16] for magnetically charged black holes. In partic-
ular, such results would be needed in order to extend the work of [1] to
local D-brane configuration with nonzero D6-rank. According to [4], count-
ing invariants with higher D6-rank are also expected to determine certain
subleading corrections to the OSV formula [16]. Moreover, walls of marginal
stability for BPS states with nontrivial D6-charge in a local conifold model
have been studied from a supergravity point of view in [8]. The construction
presented below should be viewed as a rigorous mathematical framework
for the microscopic theory of such BPS states. A detailed comparison will
appear elsewhere.
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From the point of view of six-dimensional gauge theory dynamics, the
invariants constructed in this paper can be thought of as a higher rank
generalization of local Donaldson—Thomas invariants of curves. It should
be noted however that they are not the same as the higher rank local DT
invariants defined in [6], which, from a gauge theoretic point of view, are
Coulomb branch invariants (see also [3,8] for a noncommutative gauge theory
approach.) Instead, employing a different treatment of boundary conditions
in the six-dimensional gauge theory, the approach presented below yields
Higgs branch invariants.

The geometric setup of the present construction is specified by a triple
X = (X, My, Ms) where X is a smooth projective curve of X over C of genus
g, and My, M> are line bundles on X so that M = M; ®x M> is isomorphic
to the anticanonical bundle K )_{1. The data X determine an abelian category
Cx of quiver sheaves on X constructed in [5, Section 3].

Section 2 consists of a step-by-step construction of counting invariants
for objects of Cy following [14]. The required stability conditions, cham-
ber structure and moduli stacks are presented in Sections 2.1, 2.2 and
2.4, respectively. Some basic homological algebra results are provided in
Section 2.3. The construction is concluded in Section 2.5. Given a sta-
bility parameter § € R the geometric data X determines a function Ay :
7>*3 — Q, which assigns to any triple v = (r,e,v) the virtual number of
0-semistable ADHM sheaves on X of type «. This function is supported
on Z>1 X Z X Z>p. In physics terms, the integers (r,e,v) correspond to
D2-, DO- and D6-brane charges, respectively. In the derivation of wallcross-
ing formulas, it is more convenient to use the alternative notation v = (a, v),
a = (r,e) € Z x Z. Moreover, the invariants As(c, 0) are manifestly indepen-
dent of 0, and will be denoted by H(«) since they are counting invariants
for Higgs sheaves on X.

Note that for a fixed type v there is a finite set A(y) C R of criti-
cal stability parameters dividing the real axis in stability chambers (see
Lemma 2.6). The invariants As(7) are constant when ¢ varies within a sta-
bility chamber. The chamber 6 > max A(~y) will be referred to as the asymp-
totic chamber, and the corresponding invariants will be also denoted by
Aso(7y). The main result of this paper is a wallcrossing formula for v = 2
ADHM invariants at a critical stability parameter . > 0 of type («,2),
for arbitrary a = (r,e) € Z>1 x Z. Certain preliminary definitions will be
needed in the formulation of this result, as follows.

For any integer [ € Z>1, and any v € {1,2} let HN_(a,v,dc,1,1 — 1)
denote the set of ordered sequences ((a;))i1<i<i, o € Z>1 X Z satisfying the
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following conditions:

(L R,
and
(1.2) ﬂ:',,:el—1:€l+v5c:e+véc'

1 Ti—1 T r

For any integer | € Z>a, let HN _(a,2,0¢,1,1 — 2) denote the set of ordered
sequences ((o;))1<i<i, 0y € Z>1 X Z satisfying condition (1.1),

(1.3) e a2 a1+l _etd e+20
' ™ Ti—2 Ti—1 T r

and

(14) 1/7"171 < 1/7“1.

Let 0 < d_ < d. < 0+ be stability parameters so that there are no critical
stability parameters of type («,2) in the intervals [d_, J.), (., d4+]. For
any triple (8,v), f € Z>1 x Z, v € {1,2}, the invariants A5, (3,v) will be
denoted by A4 (f,v). Then the following result holds for §_,d sufficiently
close to 6.

Theorem 1.1. Thev = 2 ADHM invariants satisfy the following wallcross-
ing formula:

(1.5)

A_(a,2) — Ay (o, 2)

-1
-y (1_11)' 3 Ay (,2) [] folei) H(ew)
=1

>2 (ci)EHN _(,2,8¢,1,1—1)

1 1
) > (=] > g(outr, o)Ay (e, 1) At (g1, 1)
>1 (i) EHN _(,2,6c,1+1,1—1)

=l 1 1 1
x];[lfz(ai)H(ai)-i-Q Z ZZ =1 (la = 1)

(al,ag)GHN, (a,2,6072,0) 1121 lgzl
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x 2 2

(al,i)e?{/\/’, (al,l,éc,ll,llfl) (az,i)GHNf (sz,l,(gc,lz,lgfl)
-1
x glag, ) Ay (a1, 1) Ay (g, 1 H fi(ani)H (oa )

lz—].

x [ filazi) H(as,)
=1

where
fola) = (1) y(e — r(g — 1)), v=1,2
g0, a2) = (—1)@ === (1 g — (11 — 19)(g — 1))

for any o = (r,e), respectively, a; = (ri,e;), i = 1,2, and the sum on the
right-hand side of Equation (1.5) is finite.

Theorem 1.1 is proven in Section 3.2 using certain stack function iden-
tities established in Section 3.1. Formula (1.5) is shown to agree with the
wallcrossing formula of Kontsevich and Soibelman in Section 4.

An application of Theorem 1.1 to genus zero invariants is presented in
Section 5. Consider the following generating functions:

(1.6) Zx (u,q) ZZurq”A , V)

r>1nez

where v = 1,2. Using the wallcrossing formula (1.5) and the comparison
result of Section 4, the following closed formulas are proven in Section 5.

Corollary 1.1. Suppose X is a genus 0 curve and M; ~ Ox(dy),
~ Ox (da) where (di,d2) = (1,1) or (0,2). Then

o0

ZX,I(U, Q) = (1 _ u(_q)n)(—l)drln’

n)2(—1)d1_1n

Zxo(u,q) = (1—ug

»MHﬁ
—8 "

1

M\»—\ﬁ

>

r1>122>1, ni,ne€ZL
or r1=rz>1, na>n;
or r1>1, ni€Z, ro=n>=0

(17) X Aoo(rla ni —ri, 1)Aoo(r27 ng — 1o, 1)u7"1+7’2qn1+n2'
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Remark 1.1. The computations in Section 5 based on the Kontsevich—
Soibelman wallcrossing formula can be generalized to invariants of arbitrary
rank v > 2. Then it follows that the rank v invariants of local (—1,—1)
and (0,—2) curves are recursively determined by the invariants of lower
rank 1 < v’ <wv. The resulting formulas are quite complicated and will be
omitted.

2. Higher rank ADHM invariants
2.1. Definitions and basic properties

Let X be a smooth projective curve of genus g € Z>q over an infinite field
K of characteristic 0 equipped with a very ample line bundle Ox(1). Let
M, M> be fixed line bundles on X equipped with a fixed isomorphism
My ®@x My~ Ky'. Set M = M; ®x My. For fixed data X = (X, My, My),
let Qx denote the abelian category of (Mj, Ms)-twisted coherent ADHM
quiver sheaves. An object of Qx is given by a collection
€ = (F,Ex, ®1, P2, ¢,1) where

e F. E., are coherent Ox-modules;

e &, Ex M; - E,i=1,2¢0: EQx M1 ®x My - Ex, Y : Eoo > F
are morphisms of Ox-modules satisfying the ADHM relation

(2.1) 10 (P2 @ 1ag,) — o0 (1@ Lag,) + 0 = 0.

The morphisms are natural morphisms of quiver sheaves i.e., collections
(&,éx) : (E,Ex) — (E', EL,) of morphisms of Ox-modules satisfying the
obvious compatibility conditions with the ADHM data.

Let Cx be the full abelian subcategory of Qx consisting of objects with
Ex =V ® Ox, where V is a finite-dimensional vector space over K (pos-
sibly trivial). Note that given any two objects &, &’ of Cy, the morphisms
o : V®Ox = V' ® Ox must be of the form {, = f ® 1o, where f : V —
V' is a linear map.

An object £ of Cx will be called locally free if ' is a coherent locally
free Ox-module. Given a coherent Ox-module E we will denote by r(E),
d(E), u(E) the rank, degree slope of E, respectively, if r(E) # 0. Recall that
any coherent locally free sheaf E on X has a unique Harder—Narasimhan
filtration 0 C By C --- C B}, = E, h € Z>1, with respect to slope stability.
In the following set pmax(E) = p(Er).
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The numerical type of an object £ of Cx is the collection (r(&),d(E),
1)(5)) = (T(E),d(E),dlm(V)) € ZZO X 7 X Zzo. An object of Cy will be
called an ADHM sheaf in the following. Throughout this paper, the inte-
ger v(€) will be called the rank of £, as opposed to the terminology used
in [2,5,6], where the rank of £ was defined to be r(€). Note that the objects
of Cx with v(€) = 0 form a full abelian category which is naturally equiva-
lent to the abelian category of Higgs sheaves on X with coefficient bundles
(Mq, M) (see, e.g., [5, Appendix A] for a brief summary of the relevant
definitions).

Let 0 € R be a stability parameter. The d-degree of an object £ of Cy is
defined by

(2.2) degs(E) = d(&) + dv(€).
If r(€) # 0, the o-slope of £ is defined by

degs(€)

(2.3) ns(€) = e

Definition 2.1. Let § € R be a stability parameter. A nontrivial object &£
of Cy is 0-(semi)stable if
(2.4) r(E) degs(€) (<) r(E') degs(€)

for any proper nontrivial subobject 0 C & C £.

The following lemmas summarize some basic properties of J-semistable
ADHM sheaves. The proofs are either standard or very similar to those
of [5, Lemmas 2.4, 3.7] and will be omitted.

Lemma 2.1. Suppose & is a 0-semistable framed ADHM sheaf with
r(E) > 0 for some 6 € R. Then
(i) E is locally free;

(i1) if 6 > 0, there is no nontrivial linear subspace 0 C V' CV so that
V|vigoy is identically zero. Similarly, if § < 0, there is no proper lin-
ear subspace 0 C V' C V so that Im(¢) C V' @ Ox; and

(iii) of € is d-stable any endomorphism of € in Cx is either trivial or an
isomorphism. If the ground field K is algebraically closed, the endo-
morphism ring of € is canonically isomorphic to K.
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Lemma 2.2. For fized (r,e,v) € Zso X Z X Z>o there is a constant ¢ € R
(depending only on X and (r,e,v)) so that for any § € R, any d-semistable
framed ADHM sheaf of type (r,e,v) satisfies

tmax (E) < c.

In particular, the set of isomorphism classes of framed ADHM sheaves of
fized type (r,e,v) which are §-semistable for some § € R is bounded.

Given a locally free ADHM sheaf & = (E, ®1, 2, ¢,1) on X of type
(r,e,v) € Z>1 X Z X L>g, the data
E=FE"ox M
(T)i:((py@lMi)@lM—l :E@MZ‘%E
b= @y Eox M VY ©0x
v=0¢":VV00x - E

(2.5)

with ¢ = 1,2, determine a locally free ADHM sheaf E of type (r,—e+2r
(9 —1),v) where g is the genus of X. £ will be called the dual of £ in the
following. Then the following lemma is straightforward.

Lemma 2.3. Let § € R be a stability parameter and let € be a locally free
ADHM sheaf on X. Then & is 0-(semi)stable if and only if € is (—0)-
(semi)stable.

2.2. Chamber structure

This subsection summarizes the main properties of d-stability chambers.

Definition 2.2. An ADHM sheaf & of type (r,e,v) € Z>1 X Z X Z>q is
asymptotically (semi)stable if the following conditions hold:

(i) E is locally free, ¢ : V. ® Ox — E is not identically zero, and there

is no saturated proper nontrivial subobject 0 C & C £ in Cy so that
v(&)/r(E) > v/r.

(ii) Any proper nontrivial subobject 0 C &' C & with v(&")/r(E") =v/r
satisfies the slope inequality p(E’) (<) u(E).

Here a subobject & C & is called saturated if the underlying coherent
sheaf F’ is saturated in E. Note that according to [5, Lemma 3.10], any
proper subobject 0 C £ C £ admits a canonical saturation £ C €.
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Lemma 2.4. The set of isomorphism classes of asymptotically semistable
ADHM sheaves of fized type (r,e,v) € Z>1 X Z X Z>1 is bounded.

Proof. The proof is based on Maruyama’s boundedness theorem. Suppose
& is asymptotically semistable of type (r, e, v), and the underlying coherent
sheaf E is not semistable. Then there is a nontrivial Harder—Narasimhan
filtration

OCEiC---CFEy,=F
with h > 2 so that p(E;) > p(E) and r(Ej) < r for all 1 <j < h — 1. Sup-
pose Ej; is ®-invariant, i = 1,2, and Im(¢) C E; for some 1 < j < h—1.
Then the data & = (Ej, ®i|g,0, M, O|E,0xM,Y) are subobject of £ with

EN/r(E) =
/U( ])/T( ]) T(g])
Since Ej C E is saturated, it follows that &; violates condition (i) in Defi-
nition 2.2. Therefore, for any 1 < j < h, E; is either not preserved by some
®;, i = 1,2, or it does not contain the image of 1. From this point on the
proof is identical to the proof of [6, Proposition 2.7]. O

Definition 2.3. Let § € Ryg. A J§-semistable ADHM sheaf £ of type
(r,e,v) € Z>1 X Z X Z>q is generic if it is either d-stable or any proper non-
trivial subobject 0 C &' C € of type (17, ¢/,v) € Z>1 X Z X Z>¢ satisfies

e e v
2.6 — =, —=-
(26) ;=2
The stability parameter § € Ry is called generic of type (r,e,v) if any
d-semistable ADHM sheaf of type (r,e,v) is generic. The stability param-
eter § € R is called critical of type (r,e,v) if there exists a nongeneric

d-semistable ADHM sheaf of type (r,e,v).
Lemma 2.2 implies the following.

Lemma 2.5. For fized (r,e,v) € Z>1 X Z x ZL>1 there exists oo € Rxq s0
that for all § > 00 an ADHM sheaf € of type (r,e,v) is §-(semi)stable if and
only if it is asymptotically (semi)stable.

Proof. The proof is similar to the proof of lemma [5, Lemma 4.7]. Some
details will be provided for convenience. It is straightforward to prove that
asymptotic stability implies J-stability for sufficiently large 0 using
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Lemma 2.2. The converse is slightly more involved. First note that given
any nontrivial locally free ADHM sheaf £, any linear subspace V' C V deter-
mines a canonical subobject &, C £. &y is the saturation of the subobject
of £ generated by V' @ Ox by successive applications of the ADHM mor-
phisms v, ®;, ¢. Since Ey- is canonically determined by V/ and £, Lemma 2.2
implies that the set of isomorphism classes of subobjects &/, where £ is a
0-semistable ADHM sheaf of type (r,e,v) for some 6 > 0 is bounded. More-
over, by construction, any subobject 0 C & C & contains the canonical sub-
object Ey.

Now suppose that for any o > 0 there exists a d-semistable ADHM sheaf
& of type (r,e,v) which is not asymptotically stable. Let 0 C &' C € be a
saturated nontrivial proper saturated subobject violating the asymptotic
stability conditions. Note that &’ cannot violate condition (ii) in Defini-
tion 2.2 since & is d-semistable. Therefore, it must violate condition (i) i.e.,
v' /1" > v/r where ' = r(£’). In particular v' = v(€’) > 0. Then the subob-
ject &y also violates condition (i) since

v(Eyr) _ v
r(€v)  r(év)

/
v
> 7 > v/r.

Since £ is J-semistable ps(Ey) < us(E). However, as noted above, the set
of isomorphism classes of all £+ is bounded, therefore the set of all types
(r(&v),d(Ev:),v(Ey)) is finite. Taking § sufficiently large, this leads to a
contradiction. O

By analogy with [5, Lemmas 4.4, 4.6], Lemmas 2.5 and 2.3 imply the
following.

Lemma 2.6. Let (r,e,v) € Z>1 X Z X Z>1 be a fized type. Then there is a
finite set A(r,e,v) C R of critical stability parameters of type (r,e,v). Given
any two stability parameters 6,8 € R, § < &' so that [§, 8" N A(r,e,v) =0,
the set of §-semistable ADHM sheaves of type (r,e,v) is identical to the set
of §'-semistable ADHM sheaves of type (r,e,v).

Remark 2.1. It is straightforward to check that A(1,e,v) = {0} for any
v > 1.

Lemma 2.7. Let (r,e,v) € Z>1 X Z X Z>1 and let 6o > 0 be a critical sta-
bility parameter of type (r,e,v). Let §+ > 0 be stability parameters so that
d_ < e <oy and [6—, 6c) NA(r,e,v) =0, (6, o4]NA(r,e,v) =0. If € is
a 04 -semistable ADHM sheaf of type (r,e,v), then £ is also d.-semistable.
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Definition 2.4. Let (r,v) € Z>1 X Z>1.

(a) A positive admissible configuration of type (r,v) is an ordered
sequence of integral points: (p; = (r;,v;) € Z>1 X ZZO)I<i<h, p>1 Sat-
isfying the following conditions:

o p1+-+pp=(1,0).
® T 1V; > TVl foralli=1,...,h—1.

(b) A negative admissible configuration of type (r,v) is an ordered
sequence of integral points: (p; = (ri,vi) € Z>1 X Z>0)1<;<p p>1 Sat-
isfying the following conditions:

o p1t-+pp=(r,0).
® 71U < TVl for all i = 1,...,h—1.

Remark 2.2. (i) It is straightforward to prove that for fixed (r,v) € Z>; x
Z>1 the set of positive, respectively negative, admissible configurations is
finite. These sets will be denoted by HN 1 (r,v).

(ii) The only positive, respectively negative admissible configuration of
type (r,v) with h =11is (p = (r,v)).

Lemma 2.8. Let d. € Rsg be a critical stability parameter of type (r,e,v) €
Z>1 X 7 X ZL>1. Then the following hold:

(i) There exists ex > 0, so that (6c, dc + e+] N A(r,e,v) =0 and the fol-
lowing holds for any 04 € (0¢, dc +€4+). A locally free ADHM sheaf
E of type (r,e,v) on X is d.-semistable if and only if it is either 04 -
semistable or there exists a unique filtration of the form

(2.7) 0=&Cé&E C---CéE =€

with h > 2 satisfying the following conditions:

e The successive quotients F; =&;/Ei—1, i=1,...,h of filtration
(2.7) are locally free ADHM sheaves with numerical types (r;, e;,v;)
€ Z>1 X L X L>p. 04+ is moncritical of type (ri,e;,vi), Fi is
04 -semistable and ps, (F;) = ps,(E) for alli=1,... h.

e The sequence p; = (r;,v;), i = 1,...,h is a positive admissible con-
figuration of type (r,e,v).

(ii) There exists e— > 0, so that [6c — e—,dc) N A(r,e,v) =0 and the fol-
lowing holds for any 6_ € (0o —€—, 6.). A locally free ADHM sheaf
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E of type (r,e,v) on X is d.-semistable if and only if it is either §_-
semistable or there exists a unique filtration of the form

(2.8) 0=&6&Ccé& C---CéE =€

with h > 2 satisfying the following conditions:

e The successive quotients F; = &;/Ei—1, i =1,...,h of filtration
(2.8) are locally free ADHM sheaves with numerical types (r;, e;, v;)
€ Z>1 XL X L>o. 0— is noncritical of type (ri,ei,v;), Fi is
d_-semistable and ps, (F;) = ps,(€) for alli=1,..., h.

e The sequence p; = (r;,v;), 1 =1,..., h is a negative admissible con-
figuration of type (r,e,v).

Proof. The proof is similar to the proof of [5, Lemma 4.13|. Details are
included below for completeness. Note that it suffices to prove statement
(i) since the proof of (ii) is analogous.

Let 04 > . be an arbitrary noncritical stability parameter of type
(r,e,v) so that (dc,04] N A(r,e,v) = 0. Suppose £ is a d.-semistable ADHM
sheaf on X. Then & is either J,-stable or there is a Harder-Narasimhan
filtration of £ with respect to 4 -semistability

(2.9) oc&Cc---cég =€
where h > 2. It is straightforward to check that &, 1 <1 < h must have

r(&) > 1 and the successive quotients F;, 0 <1< h—1 must also have
r; > 1. Then by the general properties of Harder—Narasimhan filtrations

(2.10) s, (1) > ps, (E2/E1) > -+ > ps, (En/Ep-1)
and
(2.11) ps, (&) > ps, (€)

for all 1 <7< h—1. Since & is d.-semistable by assumption, inequalities
(2.11) imply that

(2.12) v(&)/r(&) >v/r

forall { =1,..., h. Note that v(&) =vi+---4+ v, r(&) =r1+---+ 1 for
any [=1,...,h.
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Moreover, using the d.-semistability condition and inequalities (2.11)
we have

(2.13) o4 (:f — :g%) < (Ey) — p(E) < be <:f - :(g)))

foralll=1,...,h.

Now let v>d. be a fixed stability parameter so that (dc,v]N
A(r,e,v) = ). Using Grothendieck’s lemma and Lemma 2.2, inequalities
(2.13) imply that the set of isomorphism classes of locally free ADHM
sheaves &' on X satisfying condition (x) below is bounded.

(x) There exists a d.-semistable ADHM sheaf &€ of type (r,e,v) and a sta-
bility parameter d; € (6. 7] so that & ~ & for some [ € {1,...,h},
where 0 C & C --- C &, =&, h > 1, is the Harder—Narasimhan filtra-
tion of £ with respect to d,-semistability.

Then it follows that the set of numerical types (r/,€’,v") of locally free
ADHM sheaves &’ satisfying property (%) is finite. This implies that there
exists 0<er <vy—0. so that for any d4 € (de, dc+€4), and any
dc-semistable ADHM sheaf € of type (r, e, v) inequalities (2.13) can be sat-
isfied only if

(2.14) ps. (&) = ps.(€)

foralll =1,...,h. Hence also

pes. (E1/E-1) = ps,(€)

for all I =2,...,h. Then inequalities (2.10) and (2.12) imply that the
sequence p; = (r;,v;), I =1,...,h is a positive admissible configuration.
Therefore, for all 61 € (d¢, O + €4), any locally free d.-semistable ADHM
sheaf £ of type (r,e,v) is either § -stable or has a Harder-Narasimhan fil-
tration with respect to d;-semistability as in Lemma 2.8(i).

Next note that the set of numerical types

Ss.(rye,0){(r', €, v) € Z>1 X Z x Z>pl0 < ' <1,
(2.15) 0<v <wv,r(e +60)=r"(e+ )}

is finite. Therefore, 0 < e < v — d; above may be chosen so that there are no
critical stability parameters of type (r/,€’,v’) in the interval (d, . + €;) for
any (r',¢/,v") € Sg,(r, e,v). In particular, d is noncritical of type (r;, e;, v;),
i =1,...,h for any Harder—Narasihan filtration as above.
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Conversely, suppose € is a locally free ADHM sheaf of type (r,e,v) on
X which has a filtration of the form (2.7) with & d4-stable and satisfying
the conditions of Lemma 2.8(i) for some d; € (d¢, dc + €4). By the above
choice of €4, there are no critical stability parameters of type (7;,€;,v;) in

the interval (é., .+ €4), for any i = 1,..., h. Since F; are J;-semistable,
Lemma 2.7 implies that F; is also d.-semistable, for any ¢ = 1,..., h. Hence,
£ is also d.-semistable since the F; have equal d.-slopes. O

2.3. Extension groups

Let &£,&” be nontrivial locally free objects in Cx of types (r/,¢€',v),
(r",€" ") € Zs1 X Z X Z>¢. Let C(E”,E’") be the three term complex

(2.16)
HomX(E" Rx Ml,El)
@
Homx (E"” @x Ma, E')
0— Homx(E" E') 2% o L omx (E" @x M,E') — 0
’Homx(E” Rx M, V'® Ox)
&
Homx (V" @ Ox, E')
where

di(a) = (—ao®] + ®) o (a®@ 1), —ao®) + &, o (a®1yy,),
¢ o(a®@ 1), —aoy)”)

for any local sections (o, i) of the first term and

dz(ﬁhﬂ?u/y’ 6) = ﬂl © (¢g® 1M1) - q)/2 o (ﬂl ® ]-Mz) _52 © ((ﬁlll® 1M2)
+ @10 (Ba® 1)+ 0y + 09"

for any local sections (01, 32,7,0) of the middle term. The degrees of the
three terms in (2.16) are 0,1 and 2, respectively.

Let C(C(E",E")) be the double complex obtained from C(E”,E’) by tak-
ing Cech resolutions and let D(E,E”) be the diagonal complex of
C(C(E",&")). Note that there is a canonical linear map

HOIII(V”, V/) N DI(E/,E’/) — 00(61(5”,5/)) @ 01(60(51/35/))

t(0707 _(f ® 10)() o (é//vl/}/ © (f ® 10}{))
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Given the above expressions for the differentials dy, ds it is straightforward
to check that this map yields a morphism of complexes

o: Hom(V" V")[-1] — D(&",&").

Let D(E£”,€') denote the cone of p. Then the lemma below follows either
by explicit Cech cochain computations as in [6, Section 4] or using the
methods of [7].

Lemma 2.9. The extension groups Ext’f}x (&",&"), k=0,1 are isomorphic
to the cohomology groups H*(D(E”,£")), k = 0,1. Moreover there is an ezact
sequence

0 —H(C(£",€)) — Extg (£",€') — Hom(V", V')
(2.17) —Extg (", &) — H'(C(E",€)) — 0

where HF(C(E",E")), k=0,1 are hypercohomology groups of the complex
cE” .

Corollary 2.1. Given any two locally free objects &', E"

dim(Extg (", ")) — dim(Ext}, (£7,€")) — dim(Extg (£, "))

2.18
( ) _|_ dlm(EXt(le (5/’5//)) — Ulel/ _ U/lel _ (U/T” _ ,U//T,/)(g _ 1)

Proof. Follows from the exact sequence (2.17) and the fact that the hyper-
cohomology groups of the complex C(E”, E’) satisfy the duality relation

Hk(C(f/’”, E')) ~ H?’_k(C(g’,S”))V
for k=0,...,3. O
2.4. Moduli stacks

In the following, let the ground field K be C. Let Ob(X') denote the moduli
stack of all objects of the abelian category Cx and let Ob(X,r, e, v) denote
the open and closed component of type (r,e,v) € Z>1 X Z X Z>¢. Standard
arguments analogous to [9, Sections 9, 10] prove that Ob(X) is an algebraic
stack locally of finite type and it satisfies conditions [9, Assumptions 7.1,
8.1]. Given the boundedness result (2.2), the following is also standard.
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Proposition 2.1. For fized type (r,e,v) € Z>1 X Z X Z>o and fized 0
€ Ryo there is an algebraic moduli stack of finite type M (X, r,e,v) of
d-semistable objects of type (r,e,v) of Cx. If 6 < ¢ are two stability param-
eters so that [0, 0'|NA(r,e,v) =0, the corresponding moduli stacks are
canonically isomorphic. Moreover, for any § € R there are canonical open
embeddings

(2.19) M (X, 7, e,v) = Ob(X,r,e,v) — Ob(X).

2.5. ADHM invariants

ADHM invariants will be defined applying the formalism of Joyce and Song
[14] to J-semistable ADHM sheaves on X. Given Corollary 2.1, the required
results on Behrend constructible functions are a straightforward generaliza-
tion of the analogous statements proven in [5, Section 7] for ADHM sheaves
with v = 1. Therefore, the construction of generalized Donaldson—Thomas
invariants via Behrend’s constructible functions [14] applies to the present
case.

Recall that the central element in the construction of Joyce and Song
is the stack function algebra SF(Db(X')), which is Grothendieck group gen-
erated over Q by isomorphism classes of pairs (X, p) where X is an alge-
braic stack of finite type over C and p : X — Ob(X) is a representable mor-
phism of stacks. The associative algebra structure is naturally determined
by extensions in the abelian category Cyx. One then defines a Lie subalge-
bra SFianlg (Ob(X)) imposing certain conditions on the stabilizers of closed
points ¢ of the stacks X. Namely, the subscript alg stands for “algebra sta-
bilizers”, which requires each such stabilizer Stab(zr) to be identified with
the group of invertible elements in a certain subring of the endomorphism
ring Endc,, (p(r)). The upperscript ind stands for “virtually indecomposable”
stack functions, which requires the closed points r to have virtual rank one
stabilizers. The definition of virtual rank is very technical and will not be
reviewed here in detail (see [12]).

Next let L(X) be the Lie algebra over Q spanned by {\(7) |y € Z3} with
Lie bracket

1A

M), M) = (1) (v AN +4")

where

X(ﬂy/’fy//) — ’UNB/ _ '1)/6” _ ('U”T/ _ ’U/T//)(g _ 1)
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for any ~' = (r',€e,v"), 4" = (r",€",0"). Then there is a Lie algebra
morphism

(2.20) U SFRd(Ob(X)) — L(X)

so that for any stack function of the form [(X, p)], with p : X — Ob(X,v) —
Ob(X) an open embedding, and X a C*-gerbe over an algebraic space X,

U([(x,p)]) = X" (X, p*v)A(y)

where v is Behrend’s constructible function of the stack Ob(X).

In order to define ADHM invariants note that for any § € R, the canoni-
cal open embedding stack M5* (X, v) — Ob(X) determines a stack function
05(y) € SE(Db(X)). For v = 0, the resulting stack functions are independent
of stability parameters and will be denoted by h(7).

According to [11, Theorem 8.7] the associated log stack function

_1\l—1
(221) )= Y S sl e 0s()

>1 Yttt =Y
ps(vi)=ps (v), 1<i<i

belongs to SFL’]g(Db(X)) and is supported in Ob(X, ). Note that for fixed
~ and § the sum on the right-hand side is finite, and therefore there are no
convergence issues in the present case.

Then, for v € Z>1 xXZ x Z>o, the 0-ADHM invariant As(y) is

defined by

(2.22) U(es(y)) = —As(v)A(v)-

Note that es(7) is independent of ¢ if v = 0. Then the corresponding invari-
ants will be denoted by H (7).

By analogy with [14], define the invariants As(r, e,v) by the multicover
formula

1 —
(2.23) As(r,e,v) = 2;1 WA(;(r/m, e/m,v/m).
mlr, m|7e7 mlv

Conjecturally, As(r/m,e/m,v/m) are integral for noncritical . Obviously,
the alternative notation H(r,e) will be used for v = 0.
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3. Wallcrossing formulas
3.1. Stack function identities

Let vy = (r,e,v) € Z>1 X Z x Z>1 and let §. > 0 be a critical stability param-
eter of type 7. Let d_ <., d+ > Jd. be stability parameters as in
Lemma 2.8. Recall that HA 4 (r,v) denote the set of positive, respectively,
negative admissible configurations of type (r, v) introduced in Definition 2.4.
For any h € Z>o let HN £(v,dc, h) denote the set of ordered sequences of
triples (’yi = (Ti,ei,vi) S Z21 X 7 X ZZO)lgigh so that (pi = (Tiﬂvi))lgigh €
HN 1 (r,v),

4 036 5
€1+..-+€h:€ a,nd €Z+U’LC:e+UC fOI‘aH]_S’LSh.
T T

More generally, given h € Z>g, for any 0 <k < h —1 let HN (7,0, h, k)
denote the set of ordered sequences (v; = (74, €i, ;) € Zi>1 X Z X L>0)1<;<p,
so that o

e v+ -+ V=7V pr1=--=v,=0,v;,>0for1 <i<h—k,and
ettuvide  ep—ktUpp0c _ En—pt1 _ _ en _ e+ude
1 Th—k Th—k+1 Th r

e The sequence (pj = (7},v5));<<p,_, Delongs to HN &+ (T‘ . v).

Similarly, for any 0 < k < h — 1 let HN _(, dc, h, k) denote the set of ordered
sequences (y; = (74, €3, ;) € Z>1 X Z X 220)195},, so that

0’Yl+--.+7h:77'01:-..:’[)k:0,Ui>0f01‘k+]_§i§h’and
€1 _ . _C _ Gkl entunde e+ vde
1 TL Th+1 - , .

o The sequence (pj = (i4j,Vk+j))1<jcpp  Delongs  to  HN_

(r — Zle s, v).

Remark 3.1. (i) Obviously, in both cases v; >0 for all 1 <i<h if
k = 0. Moreover,

HN £(7,0c,h) = HN £(v, dc, h, 0) UHN L (v, dc, h, 1).



Rank two ADHM invariants and wallcrossing 435

If k= h —1, the condition that the sequence (p;j)1<j<n—r belong to
HN L (r — Zle ri,v) is empty.

(ii) For fixed v and d. > 0 it straightforward to check whether the following
set is finite

U U HN:I:(’%(SC’hvk)
h>20<k<h—1

i.e., the set HN 1 (7, d¢, h, k) is nonempty only for a finite set of pairs
(h, k).

For any triple ' = (1, €/,v") € Z>1 X Z x Z>1 let 94.(7'),0.(7) be the
stack functions determined by the open embeddings M3 (X,7',€',v") —
Ob(X), respectively I3 (X,r',e’,v") < Ob(X). The alternative notation
h(7y") will be used if v/ = 0.

Lemma 3.1. The following relations hold in the stack function algebra

SE(Ob(X)):

(31) () =0x(M+ Do () xex0s(m)
h>2 (7;)EHN +(7,6c,h)
(3.2)
o (MN+Y > 0 (71) * -+ % 0—(7n)

h>2 (v,)EHN _(7,6,h,0)

=0.(y)+ > (-1t > b(71) -+ % b(ya=1) * e (n)-

h>2 (7:)EHN _ (7,60, h,h—1)

Proof. Equation (3.1) follows directly from Lemma 2.8. In order to prove
formula (3.2), it will be first proven by induction that the following formula
holds for any | € Z>1:

(3.3)

- (N+) Yoo () x0-(m)

h>2 (v;)EHN _(v,0c,h,0)

l
=0c(y) + Y _(-1)F! > B(71) %+ % (k1) * dc( )
k=2 (1) EHN _ (7,60 ,k,k—1)
+ (—1)! > (1) * - = b() * 0 (Yi1) * -+ % 0 (7n).

h2l+1 (’yl)GHN— (’y,éc,h,l)
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First note that Remark 3.1 (ii) implies that all sums in Equation (3.3) are
finite for any [ > 1.

Next, if { = 1, Equation (3.3) is equivalent to (3.1). Suppose it holds for
some [ >1. Then note that Equation (3.1) is valid for any triple
v = (r,e,v) and any stability parameter d.. If J. is not critical of type 7 as
assumed above, it reduces to a trivial identity. In particular setting v = v;4+1
in Equation (3.1) yields

0= (1) = (1) = ) > b(m1) %0 (12) -+ % 0 (1hm)
m22 () €EHN - (Yi41,0¢,m,1)
-y > 0 () %0 (n2) * - %0 (1m)-

m2>2 (n;)€HN _ (Vit1,6c,m,0)

Using this expression, the third term on the right-hand side of Equation
(3.3) can be rewritten as follows:

(34
D' T )b #0- () % % ()

B>14+1 (7,) EHN _ (7,00,h,1)

S D DU [TCH RS REN G

(1) EHN - (7,0¢,1+1,0)

x Y > B(71) % - % b() % Hm) # - (1) % - % 0 ()

m>2 ( )EHN (’Yl+17607m71)

3 2

mZQ (771')67'[/\/— (’YH—l 76c1mu0)

X B(y1) -k h() x 0 (1) x0_(n2) * - -+ % 0_ ()

N > b(71) % - () ¥ 0 (Y1) * -+ % 0 (7).

h>142 (v;) EHN — (7,0c,h,1)

By construction

U HN _(Yig1,0e,m, §) = HN (7, 0¢, 1+ m, L + j)
(i )EHN Z(7,0¢,1+1,1)
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for any m € Z>9, j € {0, 1}. Therefore, the last two terms on the right-hand
side of Equation (3.4) cancel, and formula (3.4) reduces to

(3.5)
: Z Z H(y1) * - % b(y) * 0 (Yi41) * -+ - x 0_(yp)

h2l+1 (’W)GHN— (’Y1601h’?l)

= (1) > b(y1) -+ % b(n) * 0c(Vig1)

(i) EHN —(7,0c,1+1,0)

+ (_1)l+1 Z Z

h2>14-2 (v; ) EHN _ (7,8c,h,1+1)
X b(v1) * - x b(vi1) ¥ 0 (Yig2) % % 0 (7).

Substituting (3.5) in (3.3) it follows that formula (3.3) also holds if [ is
replaced by (I 4 1). This concludes the inductive proof of formula (3.3).

In order to conclude the proof of Equation (3.2), it suffices to observe
that for sufficiently large I, Equation (3.3) stabilizes to Equation (3.2) using
Remark 3.1 (ii). O

Now note that Equations (3.1) and (3.2) yield a recursive algorithm
expressing 0_(7y) in terms of 94 (7;), 1 < i < h, h > 1. This follows observing
that on the left-hand side of (3.2) 0 < v; < v for all stack functions 0_(~;)
occurring in the sum

)RS DI WEA PR NE)

h>2 (7)) EHN _(v,6¢,h,0)

Therefore, once a formula for the difference 9_ () — 04 () has been derived
for triples of the form = (r, e, v), one can recursively derive an analogous
formula for triples of the form v = (r,e,v + 1). For v = 1, Equations (3.1)
and (3.2) easily imply

(3.6)
() =01(y) + ) _(-1) > i) - [0 (), h(m—1)]-

1>2 (V) EHN _ (7,0¢,1,1-1)

Employing the above recursive algorithm, one can determine in principle
analogous formulas for v > 2. Since the resulting expressions quickly become
cumbersome, explicit formulas will be given below only for v = 2.
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Corollary 3.1. Suppose v = (r,e,2) with (r,e) € Z>1 x Z. The following
relations hold in the stack function algebra SF(Ob(X)):

(3.7)
)=+ ST bk (), b))

1>2 (7)) EHN _ (7,c,1,1—1)

+ > 04 (1) ¥ 04 (72)

(y1,72) EHN 4 (7,9¢,2,0)

- > 0 (71) *0-(72)

(Y1,72) EHN — (7,6c,2,0)

D VD DN (GO e

>2 (i) EHN — (7,0¢,1+1,1—1)
X [04 (ig1) ¥ 04 (1), b(vi-1)]

where 9_(71),0_(y2) are given by Equation (3.6).

3.2. Wallcrossing for v = 2 invariants

Let v = (r,e,2), (r,e) € Z>1 X Z, 6. > 0 a critical stability parameter of type
v, and d+ two noncritical stability parameters as in Lemma 2.8. The main
goal of this section is to convert the stack function relation (3.7) to a wall-
crossing formula for generalized Donaldson—Thomas invariants of ADHM
sheaves.

As mentioned in the introduction the alternative notation « = (r,e)
will be used for pairs (r,e) € Z>; x Z. Using this notation, the sets
HN _(a,v,8c,h, k), ve{l,2}, ke {0,h—2,h— 1} can be identified with
sets of ordered sequences (a;)1<i<p satisfying the conditions listed above
Theorem 1.1. For convenience, recall that HN _(a,v,0c,1,1 — 1), | € Z>1,
v € {1,2}, denotes the set of ordered sequences ((a;))1<i<i, o € Z>1 X Z,
1 < ¢ < so that

59 oo
and
(3.9) ﬂ:...:elﬂ:el%—v&:e—l—véc.

T Ti—1 T T
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Similarly, HN_(a,v,0c,1,1 —2), | € Z>2, denotes the set of ordered
sequences ((a;))1<i<i, o4 € Z>1 x Z, 1 <1 <[ satisfying condition (1.1),

(3.10) e _@a-2_ea-1td _e+d e+
" Ti-2 Ti—1 (8 r

and 1/m_1 < 1/m.

Note that the sets HN _(«, 2, dc, h, 0) are nonempty if and only if h = 2,
in which case they consist of ordered pairs (o, a2) so that a3 + as = «,
1/r1 < 1/rg, and

61+5C_62+5C_6+25C

1 T9 r

Moreover, the set HN _(a,2,d¢,1,0) consists of only the element («).
It is straightforward to check that for fixed @ = (r,e) and ., the union

U [HN (0,2, 06,11 = 1) UHN (0, 2,6c,1 + 1,1 — 1)]

>1

(3.11) U U U [HN _(a1,1,6c, 01,11 — 1)

(Oél,OZQ)GHNf(a72150727O) llzl lzzl
XHN—(Q27 17 5C7 l?) l2 - 1)]

is a finite set.

Now let 0 < d_ < d. < &4 be stability parameters so that there are no
critical stability parameters of type (a, 2) in the intervals [0_, d¢), (dc, 0+].
Since the set (3.11) is finite d_, 4 can be chosen so that the same holds
for all numerical types (a;,v;) in all ordered sequences in (3.11). Then the
following lemma holds.

Lemma 3.2. The following relations hold in the stack function algebra
SF(Ob(X)):
(3.12)

o_(a, 1)

(-1)!
— Z Z o), .. [g(a—1),04(ay, 1)] - - -]

_ |
>1 (-1) () EHN _ (a,1,80,1,1—1)
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1!
>1 (o) EHN — (,2,0¢,141,1—1)

x [g(a1), . [8lou-1), 04 (g1, 1) x 04 (ag, 1)] -+ -]

l1—1 1)l2—1

SURD DR D) DE S vl s

(01,00)EHN _(,2,6,2,0) 11 >112>1

x 2 2

(al,i)GHN’, (a1,1,6c,ll,l171) (Oéz,i)EH/\/’f (az,l,éc,lg,b*l)

x ([g(ea,1), - .. [@(ea 1), 04 (@, 1)) - -]
* [g(all)? SRR [9(0@,1271)7 D_;_(Oég,lz, 1)] e ])

where for any [ € Z>1 x Z, g() denotes the log stack function es(3,0)
defined in Equation (2.21) (which is independent of §). For any k > 1, and

any collection of stack functions (f1,...fx), [f1,-- -, [fk—1,fx] - -] stands for
the successive commutator [f1, ..., [fr—1,fx] -]
k—1

Proof. Formulas (3.12) and (3.13) follow from Equations (3.7) and (3.6) by
repeating the computations in the proof of [2, Lemm. 2.6] in the present
context. 0

Proof of Theorem 1.1. The proof consists of two steps. First the stack func-
tion identities (3.12) and (3.13) must be converted into similar identities for
log stack functions in the Lie stack function algebra SFLr}g (Cx). Then wall-
crossing formulas for generalized Donaldson—Thomas invariants are derived
applying the Lie algebra morphism (2.20) to the resulting log stack function

identities.
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It will be proved below that Equation (3.15) yields the following log
stack function relation:

(3.14)

_ Z Z [9(a1), .., [B(au-1), e (au, 2)] -]

_ |
>1 (=1 () EHN _ (0,2,60,1,1—1)

>

() EHN _ (a,2,0¢,1+1,1—1)

N

X [g(al)’ sy [G(QZ—l)a [eJr(O‘l-i-lv 1)a e+(alv 1)] e ]

ll 1 1)l2—1

-3 > S Y G

(a1,02)EHN _(,2,6,2,0) 11 >1 zz>1

x 2. 2

(a1,0)EHN —(a1,1,80,01,01—1) (a2,:) EHN — (a2,1,8¢,l2,l2—1)

x [ [g(ar), .-, [g(arg, 1), eq(oag,, 1] -],
[g(a21), -, [8(az,—1), e (o, 1] -+ ].

Since the right-hand side of Equation (3.14) is written as a linear combina-
tion of successive commutators, the wallcrossing formula for the invariants
Ayg(a,l) follows by applying the Lie algebra morphism (2.20).
Given that

A(r1,e1,0)), M(r2, e2,0))] = (=1)PE " DyN(r + 19, €1 + €2, 0)
= fo(ri,e1)A(r1 + ro,e1 + e2,v)

[M((r1,e1, 1)), A((r2, 2,1)] = (=)@ =720 N (g rg eq + €9, 2)
= g((r1,€1), (r2,€2))A(r1 + 72, €1 + €2,2)

for any (r1,e1), (r2,e2) € Z>1 X Z, v = 1,2, a straightforward computation
yields Equation (1.5).
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The proof of identity (3.14) is presented below. Using Equation (2.21),
formula (3.13) yields
(3.15)

e_(a,2)

()"
:Z (I—1)! Z [g(a1), ..., [g(a—1),er(a,2)] -]

>1 C () EHN - (@,2,00,1,1-1)

=1
+ 3 T (Fa) 4 5P L)
I>1

where
(3.16)
F(l, o)

= Z [9(a1)7"'a[g(al—1)72+(al+1al) *e+(alal)]"']

(a) EHN _(,2,8c,14+1,1—1)

- > do(-1,h-1) >

(o1,02) EHN _(0,2,6¢,2,0) 11,1221 (a1,:)EHN _(a1,1,0¢,01,l1—1)
l1+l2:l+l
X Z ([9(01,1), s [glan g, 1) e (o, D] -]

(az,:)EHN _(a2,1,¢,l2,l2—1)
* [9(%,1): ceey [9(a2,1271), €+(042,12, nj-- ])

(3.17)
F'(l,a)

- Z [g(al)v"'7[g(al*1)’e+(al/2ﬂ 1) *e+(al/271)]"']

(o) EHN _(,2,0.,1,1—1)

- > (-1Lh-1) >

l17l221 (ozl,,-)E’H/\/,(a/2,1,6c7ll,l1—1)
l1+lz:l+1

X Z [g(a,1), -+ (g, 1), e (ary,, 1)) -]

(rJEHNAABLARETD s [g(az1), - [9(0z g, -1), e (0210, 1]

where by convention ey (3/2,1) = 0 and HN _(3/2,1,0¢, k. k—1) =0 if g €
Z>1 x Z is not divisible by 2. In the above equations, (n,k) denotes the
binomial coefficient n!/(k!(n — k)!) for any n,k € Z>¢, n > k. In the follow-
ing, it will be convenient to formally define (n, k) for any n € Z>o, k € Z
adopting the convention that (n,k) = 0 whenever k£ < 0 or k > n.
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Recall that HN _(a, 2,8c,1,1 —2), | € Z>2 is the set of all ordered seq-
uences (o)1<i<i, & € Z>1 X Z so that

(3.18) o+ to =«

(3.19) e _@a-2_e-1td e+ e+
! Ti—2 Ti—1 T r

(3.20) LS .

Let HN" (,2,8¢,1,1 — 2), HN" (, 2, ¢, 1,1 — 2) denote the set of all ordered
sequences (a;)1<i<; satisfying conditions (3.18) and (3.19), condition (3.20)
being replaced by ;1 = 1, respectively, r;_1 < r;. Note that the union

(3.21) S(a,6c,1) = HN _(a, 2, 6¢,1,1 —2) UHN"_(a, 2,6, 1,1 — 2)
' UHN" (a,2,8c,1,1 —2)

is the set of all ordered sequences («;)1<i<; satisfying only conditions (3.18)

and (3.19). Moreover, condition r;_; = r; imposed simultaneously with (3.18)

and (3.19) implies a; = y41. This shows that F’(l,«) can be rewritten as

(3.22)
F'(l,a)
= Z [g(al)a"‘v[g(al—l)ae-l-(al’l)*e-i-(al-i-l?l)]”']
(i) EHN (,2,0¢,14+1,1—1)
- Y (-1h-1) >
l1,l2>1 (a1,:)EHN —(a/2,1,6c,l1,l1—1)
ll+12:l+1
X Z [9(a1,1), -5 [g(ary, 1), ex(ary,, 1)] -]
(a2,:)EHN _(a/2,1,6c,l2,l2—1)
*[g(az1), ... [8(agi,—1), ex(agy,, 1)] -]
Define also
(3.23)
F"(l, )

= Z [g(al)v"'v[g(al—l)ve+(al+1vl)*e-i-(alvl)]"']

() EHN (a,2,8¢,1+1,1—1)
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- > > o(-1,h-1) >

(a1,02)EHN" (,2,0c,2,0) 11,1221 (a1,:)EHN _(01,1,0¢,l1,l1—1)
l1+l2:l+1
x Z (lo(ann), - [y, —1) e (g, 1)) -]

(02,0) EHN — (a2,1,8c,l2,l2—1) [9(a21),---,[8(a2,-1), et (agy,, 1)] - .])‘

Next note that the right-hand side of Equation (3.14) can then be written as
(3.24)

(-
Z (l—l)! (( ) Z [9(041),-..,[g(al,l),eJr(al,Q)]...]

>1 EHN _(,2,8c,1,1-1)

+ %(F(l,a) - F"(l, a))>

Comparing Equations (3.15) and (3.24) it follows that in order to prove
formula (3.14) it suffices to prove the identity

(3.25) F(l,a)+ F'(l,a) + F"(l,a) =0

This will be done below by induction on [ € Z>;. Let S(I,a) = F(l,a) +
F'(I,a) + F"(l, ). Note that Equations (3.16), (3.22) and (3.23) imply

(3.26)
S(l’a) = Z [g(al)v"‘7[g(al—1)ve+(al+171)*e-i-(alvl)]"']
(i) €S (a,2,0c,14+1,1—1)
- > > (-1, -1 >
(a17a2)68(a,2,5c,2,0) l1,1221 (al,i)EHNf (al,l,éc,ll,ll—l)
l1+l2=1+1
X Z ([9(041,1)7 s [glan g, 1), eq (g, D] -]

(a2, ) EHN - (amlﬁmlz’l?il)* [9(062,1% SRR [9(04271271), €+(O£2712, 1)] e ])

where S(a, 2,dc,1+ 1,1 — 1) is the set union (3.21).

For | = 1 Equation (3.25) reduces trivially to 0 = 0 using formula (3.26).
Suppose Equation (3.25) holds for some [ € Z>9, for all o € Z>1 x Z. Then,
using the identity

(l,ll—l):(l—l,ll—l)—i-(l—l,ll—Q),

it follows that
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(3.27)
S(l+17a) = Z [9(a1)7'-‘7[g(al)ve+(al+271)*e+(al+171)]”']
(i) €S (a,2,6c,014-2,1)
+G(l+1,a)
where
G(ll+1,a)
= > Y (-1, -1 >
(al,az)ES(a,Q,éc,Z,O) ll,l221 (ozl,i)E'HJ\/L (Oél,l,éc,ll,llfl)
Iy +l=1+2
X Z [9(a1,1), .- [8(any, 1), ex(ary,, 1)] -]

(a2, ) EHN — (az2,1,8¢,l2,l2—1)

*[gaz1), ... [g(agg,—1), e (agy,, 1)] - -]

- > > (-1, -2) >

(a1,02)€8(,2,6¢,2,0)  l1,l22>1 (a1,:)EHN _(a1,1,8¢,01,l1—1)
li+lp=112
X Z g(ar1), - [glar,—1), e (ary,, 1)] -]

(ov2,i) EHN —(a2,1,0¢,l2,12—1)
* [g(a271)7 R [9(042,12—1), 8+(062712, 1)] o ]

In order to keep the formulas short, set

[alv cee aak] = [g(a1)7 ) [g(ak—l)v eJr(akv 1)] c ]

for any k > 1, and any («;), 1 <i < k. Then by changing the summation
variable [; — [; — 1 in the second multiple sum in the above expression,
G(l+1,a) can be written as follows:

Gl+1,a)
I
Y Sewen ¥
(a1,02)€8(,2,6¢,2,0) 11=1 (a1,:)EHN —(a1,1,8¢,l1,01—1)
X > lar1, - on ] * [az, . Qo140

(a2,:) EHN _(az2,1,00,l—1142,1—11+1)
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l
- Y Yeewen ¥
(c1,02)€8(e,2,6¢,2,0) li=1 (@1,) €EHN _(u,1,00,0+1,11)

X E [04171, RN 7051,l1+1] * [Ck271, RN ,OzQJ,llJrﬂ.
(az,i)e’H./\/', (a2,1,6c,l7l1+1,lfl1)

Next note that

(@11, ar,] * (a1, ..., 00—, 42]
=[ai1,. .. o] xglagr) * a2, ..., a2, 42]
— a1, .. a1, * a2, ... a0 1o] x g(az 1)
[041,1, B 041,11+1] * [042,1, cee Ol2,l—ll+1]
= 9(041,1) * [041,27 cee ,a1,11+1] * [042,1, ceey 042,l—ll+1]
— a2, an 1) xglong) * [, ..o, 01,41

The terms of the form | ]xgx*[ | cancel pairwise when summing over all
ordered pairs (o, o) and all ordered sequences (a1 ;), (ag,;) satisfying the
summation conditions:

a1 + a2 = «a, g Qal; = o, E Qg = Q2
i=1 i=1

elvi_%_61_‘_50_62—'-5(:_6—’—25_8

7'1,1' 7“27j T T9 T

for all 4, j in the appropriate range. For any § = (r,e) € Z>1 X Z, v € Z>1,
and 6 € R set u(8) =e/r, ps(B8,v) = (e +vd)/r. Then, by a simple change
of summation variables, the sum over the terms of the form [ |x[ ]xg,
gx[ |*[ ] reduces to

G(l+1,a)
= > > S o@-Lh-1
a’,/86221 XL (al’az)es(a/727gc7270) ll,lzzl
@' +p=a, usc(o/,Q):,u(ﬂ) L+l=l+1

x 2 2

(al,i)E’H./\/’, (a1,1,5c,l1,l171) (Olgyi)e/}'[./\/‘f (Oéz,l,(;c,lg,lzfl)

X [g(al,l)a SRR [g(al,h—l)? e+(a1,l1> 1)] o ]
*[glaz1), ... [9(aog,—1), e (a2, 1)] - -]+ g(8)
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- > > > (-1, -1

o' BEL>1 XL (a1,02)€8(0,2,60,2,0) 1 l2>1
o' +B=a, ps.(a,2)=p(B) hitl=l+1

x 2. 2.

(a1,i)EHN —(a1,1,00,01,01—1)  (a2;)EHN —(2,1,6c,l2,02—1)

x g(8) * [g(a1,1),- - [@(ar, 1) e (ary,, D] -]
* [g(az,1), .- [9(ag,—1), e (agy,, 1)] -]

A similar change of variables in the first sum on the right-hand side of
Equation (3.27) yields

Z [g(a1)7 SR [g(al)7 e+(al+27 1) * e+(al+17 1)] o ]
() ES(,2,6c,142,1)

= 2 2

o ,BEL>1 XL (ai)eS(a’,2,6c,141,1-1)
o' +B=a, ps.(o,2)=p(B)

X [g(ﬂ)a [g(al)v SRR [g(al)v e+(0q_|_1, 1) * eJr(O‘l’ 1)] e ]

Collecting the all terms, it follows that

S(+1,0) = > [8(8), S(1, )]

o ,ﬁEZZl X7
o' +p=a; ps.(',2)=p(B)

Obviously, the inductive hypothesis now implies that S(I + 1, «) = 0. O
4. Comparison with Kontsevich—Soibelman formula

The goal of this section is to prove that formula (1.5) is in agreement with
the wallcrossing formula of Kontsevich and Soibelman [15], which will be
referred to as the KS formula in the following.

As in Section 3.2, numerical types of ADHM sheaves will be denoted by
v = (o,v), = (r,e) € Z>1 X Z, v € Z>p. In order to streamline the compu-
tations, let L(X)<2 denote the truncation of the Lie algebra L(X") defined by

[/\(04171}1)7 A(OQ; UQ)] if V] + vy < 2

(4.1) [Maz,v1), Maz,va)|<2 = { 0 otherwise.

Furthermore, it will be more convenient to use the alternative notation e, =
AMa, 0), fo = M, 1), and go = N, 2).
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Given a critical stability parameter d. of type (r,e,2), (r,e) € Z>1 X Z,
there exist two pairs a = (14, €q) and § = (73, eg) with
€a + 0 e
S = =)
Ta T3

so that any n € Z>1 X Z X Z>o with ps,(n) = ps, () can be uniquely written

as n = (qf,0), (a +qf,1), or (2a +¢f3,2), with ¢ € Zxo.
For any ¢q € Z>( the following formal expressions will be needed in the
KS formula:

1
Uatqp = exp (fa+qﬁ + 4g2a+2qﬂ> » Usayqs = exp(82a448),

€mgp
Ugs = exp Z m2

m>1

(4.2)

Moreover, let
H = Z H(Q/B)eqﬁ7
q=>0

where the invariants H(«) are defined in (2.22). Then the wallcrossing for-
mula of Kontsevich and Soibelman reads

eXp H UAJr 204q/3,2) H UA+ a+qpB,1)

2a+qf a+qf3
(4 3) >0, gl q>0, qi
: A_(a+gB,1) (2a+48,2)
H Ua+q,@ H U2a+q,8 xp(H)
>0, qt q>0, qt

where an up, respectively, down, arrow means that the factors in the corre-
sponding product are taken in increasing, respectively, decreasing, order of
q. Note that A4 (2a + ¢3,2) are the invariants defined in Section (2.5) by
the multicover formula (2.23). In this case Equation (2.23) reduces to

A+(20+98,2) = Ax(20+q8,2) + Asla+a5/2,1).

Expanding the right-hand side, Equation (4.3) yields
(4.4)

exp | > A_(2a + ¢, 2)820+45
q=>0

+ Z QI/Bv QQ,B) (CY + Q1/87 l)A— (CY + qQﬁv 1)g2a+(Q1+Q2)ﬁ

(I2>Q1>0
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= exp(H) exp (Z A+ (2a+qf,2)g20+45

q>0

q1>q2>0
x exp(—H)

1
+ > 29(@1f, @26)A+(a+ a1, 1) A+ (a + @26, 1)g2a+(q1+q2)ﬁ>

modulo terms involving f,. These terms are omitted since they enter v = 1
wallcrossing formula derived in [2]. The BCH formula

exp(A)exp(B)exp(—A)=exp(z (Ad(A))" )

n=0
(4.5) :exp<B+[A,B]+;[A7 [A7BH+~'>
yields
(4.6)

exp(H) exp(g2a+44) exp(—H)
= exp(gQOH—q,B + Z f2(q1ﬁ)H(q1ﬁ)g2a+(q+q1)ﬁ

q1>0
Z f2(q18)H (q13) f2(q28) H (q28) 820+ (g+q1+42)8 T )
Q1>0 q2>0
= exp Z (H f2 Qzﬁ %ﬁ ) g2a+(q+q1+"'+Ql)ﬁ
lzo,qi>o ! i=1

Substituting (4.6) in (4.4) results in
(4.7)

exp (Z A_(2a +qB,2)g2a+48

q=0

+ Z 918, 28)A_(a+ q18,1)A_(a + q23, 1)g2a+(q1+q2)ﬁ)

q2>q12> >0

= exp Z A+ 2a + Qﬁ 2 (H f2 QZ QZ/B ) g2a+ (g+qr++a)B

q>0,1>0
qi >0
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£ B GOA o+ B )AL 0+ g 1)y

9 >q5> >0
1>0,q;>0

I
X (H f2(@iB)H qzﬁ)) 82a-+(q)+ap+qi+-+a)B
=1

In order to further simplify the notation, let

A:t (’UO( + Q/67 ’U) = A:t(Qv ’U), 82a+¢8 = &q-
Comparing the coefficients of gg in (4.4) yields

!
A_(Q,2) = > A+(Q’72)l*1! (H f2(qzﬂ)H(qzﬂ)>

q'>0, 1>0, ¢;>0
I +qa++a=0Q

1
+3 > 9(a18,458) A+ (41, 1) A1 (g3, 1)
q1>¢5>0
(4.8) 1>0, ;>0

GFa+a++a=Q

(H (@B qﬂ))

—% > 9(a18, 628 A~ (a1, 1)A— (g3, 1).

45>q1>0, q1+¢,=Q

Using the v = 1 wallcrossing formula [2, Theorem 1.1}, the last term in (4.8)
becomes

-3 > 9(018, 208)A—(q1,1) A (g2, 1)

2>q120, q1+q2=Q
1
=3 > @B ef)Aia, )4 (e 1)

q2>q1>0

@1+¢2=0Q

1>0, I>0

¢, >0, qé>0

n; >0, n;>0
¢i+ni+Ani=q
@5+ 4ni=qz
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! !
(4.9) X Tl, <H fl(nzﬂ)H(nzﬂ)> l~1' T £2i) H (i3 3)
i=1 :

i=1

Therefore, the final wallcrossing formula for v = 2 invariants is

I
A_(Q,2) = > A (d, 2)% (H fz(CIiﬁ)H(%ﬁ))
i=1

Q’EO: 1207 q1>0
¢ +a++a=0Q

1 1
+35 > 59018, 658) A (a1, 1) A (g, 1)
q1>q5>0
>0, ;>0
GG+t +a=Q

!
X ll' (H fz(qzﬂ)H(qzﬂ)>
" \i=1

1
5 > 9@Pef)Add DAL D)
g2>¢120
@1+¢2=0Q
1>0, [>0

(4.10)

¢;>0, g5>0

n; >0, n;>0
qi+ni+tni=q
q5+n1+Anr=qz

! I
X llj (H fl(mﬂ)H(niﬁ)> l}' Hfl(ﬁiﬂ)H(ﬁiﬂ)
i—1 © \i=1

This formula agrees with (1.5), since the bilinear function g( , ) is anti-
symmetric.

5. Asymptotic invariants in the g = 0 theory

In this subsection, X will be a smooth genus 0 curve over a C-field K.
and Mp ~ Ox(dl), My ~ Ox(dg), with (dl,dg) = (1, 1) or (dl,dg) = (0,2).
In this case, any coherent locally free sheaf E on X is isomorphic to a
direct sum of line bundles. Let E'>q denote the direct sum of all summands
of nonnegative degree and E-g denote the direct sum of all summands of
negative degree.

Lemma 5.1. Let &€= (E,V,®1,P2,0,v) be a nontrivial §-semistable
ADHM sheaf of type (r,e,v) € Z>1 X Z X Z>1, for some § > 0. Then E-o =
0 and ¢ is identically zero.
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Proof. Since 6 > 0, Lemma 2.1(ii) implies that 1) is not identically zero. Then
obviously E>q must be nontrivial and Im(¢)) C Esg. Since M ~ Ky' ~
Ox(2), E>o®x M C Ker(¢). Moreover, since deg(M;) > 0, deg(Msz) > 0,
®,(E>o ®x M;) C E>¢. It follows that the data

E>0 = (E>0,V ® Ox, ®i|poywx M, 0, 1)

are nontrivial subobjects of £. If E is not the zero sheaf, £>¢ is a proper
subobject of £. Then J-semistability condition implies r(E>g) < r(€), and
hence

d(E>0) +v(E>0) 6 cetv )
7'(820) - T )
However e < d(€>p) and 0 < r(€>p) < r under the current assumptions.

Since also v(€>p) = v and §,d(E>0) > 0, inequality (5.1) leads to a contra-
diction. Therefore, F-y = 0 and ¢ must be identically zero. g

(5.1)

Now let the ground field K be C. Let C?\e be the full abelian subcategory
of Cx consisting of ADHM sheaves £ with ¢ = 0. For any § € R, an object
& of C% will be called d-semistable if it is §-semistable as an object of Cx.
Note that given an object £ of C%, any subobject £ C € must also belong
to Cg)(. In particular, all test subobjects in Definition 2.1 also belong to Cgf,
and one obtains a stability condition on the abelian category Cg)(. Then the
properties of J-stability and moduli stacks of semistable objects in C% are
analogous to those of Cy. In particular, for fixed (r,e,v) € Z>1 X Z X Z>1
there are finitely many critical stability parameters of type (r, e, v) dividing
the real axis into stability chambers. The main difference between Cg( and
Cyx is the presence of an empty chamber, as follows.

Lemma 5.2. For any (r,e,v) € Z>1 X Z X Z>1 the moduli stack of
§-semistable objects of CS, of type (r,e,v) is empty if § < 0.

Proof. Given an ADHM sheaf & = (E,V, ®;,1) of type (r, e,v), it is straight-
forward to check that for ¢ < 0 the proper nontrivial object (F,0, ®;,0) is
always destabilizing if § < 0. O

Lemma 5.3. Let £ be a §-semistable object of CS. of type (r,e,v) € Z>1 X
7 x Z>q for some 6 > 0. If e > 0, then E<o = 0.

Proof. For § > 0 and v > 0, this obviously follows from Lemma 5.1. If § = 0
or v = 0 note that E'>o cannot be the zero sheaf, since e > 0. Then the proof
of Lemma 5.1 also applies to this case as well. O
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Lemma 5.4. Let £ = (F,0,9;,0,0) be a semistable object of C?Y of type
(r,e,0), (r,e) € Z>1 X Z. If (di,d2) =(1,1), E must be isomorphic to
Ox (n)®" for somen € Z and ®; = 0 fori=1,2. If (d1,ds) = (0,2), E must
be isomorphic to Ox(n)®" for some n € Z, and ®2 = 0.

Proof. In both cases, let E ~ &._,Ox(ns) for some ngs € Z so that n; <
ng < -+ < n,. Since dy,dy > 0, any subsheaf of the form

@;:so Ox (ns)

for some 1 < sy < r must be ®;-invariant, ¢ = 1, 2. Therefore, the semista-
bility condition implies

nso_i_..._i_nr <n1++nr
r—sp+1 — r

for any 1 < sg < r. Then it is straightforward to check that n; =--- =n,.
n. The rest is obvious.

ol

Corollary 5.1. Under the same conditions as in Lemma 5.4,

(_l)dlfl
(5.2) H(r,e) = 72
0 otherwise.

ife=r, neZ

Proof. If (dy,d2) = (1,1), Lemma 5.4 implies that the moduli stack 90t
(X,r,e,0) is isomorphic to the quotient stack [«/GL(r)] if e = rn for some
n € Z, and empty otherwise. Alternatively, if e = rn, the moduli stack 915
(X,r,e,0) can be identified with the moduli stack of trivially semistable
representations of dimension r of a quiver consisting of only one vertex and
no arrows. Recall that the trivial semistability condition for quiver repre-
sentations is King stability with all stability parameters associated to the
vertices set to zero [14, Example 7.3].

If (di,d2) =(0,2), Lemma 5.4 implies that the moduli stack 2%
(X,r,mn,0), n € Z, is isomorphic to the moduli stack of trivially semistable
representations of dimension r of a quiver consisting of one vertex and one
arrow joining the unique vertex with itself. If e is not a multiple of r, the
moduli stack (X, r, e, 0) is empty.

Then Corollary 5.1 follows by a computation very similar to [14, Section
7.5.1]. O
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Remark 5.1. The same arguments as in the proof of Corollary 5.1 imply
that for any 6 > 0,

1
(5.3) 450,0.1) =1 45(0,0,2) = .

Extension groups in C% can be determined by analogy with those of Cx.
Given two locally free objects £”,&" of C%., let C(E”,€’) be the three term
complex of locally free Ox-modules

HomX(E” ®x M, El)

Homx (E",E") @
0— B D Homy (B @x M, E')
(5.4) Homx (V" ® Ox, V' @ Ox) P

Homx (V" ® Ox, E")
Ly Homx(E" ©x M,E') = 0

where

di(o, f) = (o @] + @) o (@@ 1y ), —a 0 ) + D)0 (a ® 1py,),
—aoy +4¢ o f)

for any local sections (a, f) of the first term and

da(B1, B2,7) = 1o (D5 @ 1ag,) — P o (61 ® 1ag,) — Bao (B @ 1ag,)
+ @10 (B2 ®1n,)

for any local sections (1, B2, 7) of the middle term. The degrees of the three
terms in (2.16) are 0, 1,2, respectively. By analogy with Lemma 2.9, the
following holds.

Lemma 5.5. Under the current assumptions, Ethg (&" & ~
HF(C(E",E")) for k = 0,1.

Lemma 5.6. Let £, E" be two nontrivial locally free objects of CS of types
(r' e 0", (1", " ") € L>1 X Z x L. Suppose that E.q =0, EZy =0 for
both underlying locally free sheaves E', E”. Then

dim(Extg (", &) — dim(Ext} (£7,€")) — dim(Ext? (£, "))
(55) + dim(ExtéX (8’, 5”)) = 1)/(6// 4 7’//) _ U”(e/ + r/)'
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Proof. Note that complex (5.4) can be written as the cone of a morphism
of locally free complexes on X

o:H[-1] —V

where H is the complex obtained from C(E”,E’) by omitting all direct sum-
mands depending on V', V" (as well as making some obvious changes of
signs), and V is the two term complex

HOTTLX(V” ® Ox,V/ ® Ox) — ’HomX(V” ® Ox,El)
f—'of

with degrees 0, 1. The morphism p is determined by the map

Homx(E", E') — Homx (V" @ Ox, E')
a— —aor).

Therefore, there is a long exact sequence of hypercohomology groups

(5.6) 0——=HV) —— Extgg( (&",E8") —=HO(H(E",E))

—— H'(V) — Extgy (€7, ) —=H' (H(E",£"))

—H*(V)

Since E.;, =0 and X is rational, H?(V) = 0. Obviously, there is a similar
exact sequence with &£, £” interchanged. Then Equation (5.5) easily follows
observing that

Hk(H(g/l’gl)) ~ H3—k(H(5/’g/l))\/
for all 0 < k£ < 3. |

Proof of Corollary 1.1. Lemma 5.1 implies that for any 6 € R~q, (r,e,v) €
Z>1 X 7 X Z>q there is a canonical isomorphism of moduli stacks of 4-
semistable objects of numerical invariants (7, e, v) in the abelian categories
Cx, C%. Moreover, using Lemma 5.6, the construction of Joyce and Song
summarized in Section 2.5 applies to J-semistable objects of C?Y as well. For
d > 0, the resulting invariants are identical with the invariants As(r, e, v)
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defined is Section 2.5. In particular, they satisfy identical wallcrossing for-
mulas for any positive critical stability parameter 6. > 0.

In order to prove relations (1.7), a wallcrossing formula at 6. = 0 will be
required for counting invariants of semistable objects in CB(. The derivation
of this wallcrossing formula is analogous with the proof of Theorem 1.1,
provided the following facts are taken into account:

(a) Lemma 2.8 holds d-semistable objects in C% at . = 0 if Definition 2.4
is modified as follows. In the definition of positive admissible configu-
rations one must allow (r1,v1) = (0,v1) with v; > 0. All other elements
(ri,v;), i > 1, are still required to satisfy r; > 1. Similarly, in the defi-
nition of negative admissible configurations one must allow (rp,vy) =
(0,vp,), 7 > 1 being still imposed on all other elements (r;,v;), i < h.

(b) Let 9(0,0,1) be the stack function determined by the object O =
(0,C,0,0,0,0). Then ¥(2(0,0,1)) = —A(0,0, 1), since the moduli stack
of §-semistable objects with numerical invariants (0, 0, 1) is isomorphic
to the classifying stack of C* for any ¢ € R.

Taking into account (a) and (b) above, Lemmas 3.1 and 3.2 and the proof
of Theorem 1.1 carry over with obvious modifications. The resulting wall-
crossing formula for counting invariants of semistable objects in C?v at 6. =0
is entirely analogous to (1.5) provided that the sets HN _(«,v,d¢,1,1 —
1), 1>1, HN _(a,2,0c,1,1 —2), 1 > 2, o € Z>1 X Z, v = 1,2 are replaced
by HN _(a,v,0,1,1 — 1), HN _(«,2,0,1,1 — 2) defined below, and one sets
A4(0,0,1) = 1.

The set HN _(a,v,0c,0,1—1),1>1, a € Z>1 X Z, v = 1,2, consists of
ordered sequences (;)i<i<i € Z>o X Z so that r; > 1 for i <[ and

(57) al+ o =a, re;=rie, 1<i<l

The set HN_(o,2,0c,1,1—2), 1 >2, o €Z>1 XZ consists of ordered
sequences (o)1<i<; € Z>o X Z so that r; > 1 for ¢ <[, r; < r;_1, and (5.7)
holds.

Moreover, the resulting formula is again in agreement with the
Kontsevich—Soibelman wallcrossing formula by computations identical to
those presented in Section 4.

Then the proof of Corollary 1.1 will be based on the KS wallcross-
ing formula relating d-invariants for § < 0 to d-invariants with 6 >> 0. Let
(r,e) € Z>1 X Z>p and let 64 € Ry \ Q an irrational stability parameter so
that d4 is asymptotic of type (r/,e') forall1 < <r, 0<e' <e, 1 <v <2.



Rank two ADHM invariants and wallcrossing 457

Moreover, assume that re < d4. Then the KS formula reads

A°_(rn,v)
11 Ut
(T7n7v)6221XZZOX{07172}U{07071}
_ ﬁ.*_(?",n,’l))
(5.8) = 11 Usrin.o)
(r,n,w)EZ>1xXZ>0x{0,1,2}U{0,0,1}
where in each term the factors are ordered in increasing order of d4-slopes
from left to right. The alternative notation introduced in Section 4 will be

used in the following. Then Corollary 5.1 and Equation 5.3 imply that the
left-hand side of (5.8) reads

1
(5.9) exp <f00 + 4goo) H ein

n=0

W here
L €rn = €3 :p ( ! ! § n > .

Moreover, given the above choice of 4,

1) 1) 1) )
6<i< 6—{—+<7+<.”<6++<
r r r—1 r—1

20
by +e< L <. <20, +e.
T

Therefore, on the right-hand side of Equation (5.8), the factors of the form
Uf(:,(z,’i/)’v), with v € {0,1,2}, and 1 <7/ <7, 1 < ¢’ < e occur in the follow-
ing order:

H Ue,. H UA+ (r,n,1) H Ugjl(;—l,n,l) o f[ Uf?:(l,n,l)ng(Op,l)

n=0 n=0

(510) H UA+ mn,2) H Uétlrn 1,n,2) H Uétl (1,n,2)

where

Us,, = exp(frn + ig2r,2n)7 Usg,, = exp(grn)-
In addition, the right-hand side of (5.8) contains of course extra factors of the
form UA+(T ¢'w) , with v € {0, 1,2}, and either ' > r or ¢’ > e. Some of these

)\( ’ / )
extra factors may in fact occur between the factors listed in (5.10). However,
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they can be ignored for the purpose of this computation, since commutators
involving such factors are again expressed in terms of generators A(r/, €', v)
with either 7/ > r or ¢’ > e. Therefore, using the BCH formula, (5.8) yields

(5.11)

[ -1 e’}
1
(TTve) om0+ jom) TT0e.

1
—exp [ foo+ 800+ D>, Ap(s,n1)fe

4
1<s<r, 0<n<e

+ Z A+(s,n, 2) 8sn

1<s<r, 0<n<e

1
+ > (e —n2 41y —72)
r1>ra>1, ri+ra<r, ni, na>0, ni+n2<e
or 1<r1=r><r/2, 0<n;<na, ni+n.<e
or 1<r;<r, 0<n;<e, ro=no=0

X (—1)(”1_”2+T1_T2)A+(7‘1, ni, l)A+(T2, no, 1) 8r14r2.n14ns 4+ ..

where --- are terms involving generators A(r’,€’,v) with either ' > r or
e’ > e. For fixed e > 1, let H, be defined by

(5.12) exp(He) = g Ue,, = eXp<(—1)d1_l Z e:;m)

0<n<e, k>1

Using the BCH formula, the left-hand side of Equation (5.11) becomes

4 4

j times j times

1 = 1 1
(5.13)  exp <f00 + 5800+ Y = [—He, - [~He, foo + 7800 |-+ >
[ -

modulo terms involving generators A\(r/, €/, v) with either ' > r or ¢/ > e.
Next, the Lie algebra commutators

_l)nﬁ_rl (n1+71) fry om0 400

[e’flffh ; fT2,”2] = (
[erl,nngrz,nz] = 2(711 + Tl) Eritrani+ns
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yield

e

[=He, - [~ He, foo u = Z Z (—1)i(d-D)
j times j times n1,.,m; =0k, ki >1
Ttk

i=1

and

e

[—He, - - [—He, 800 u — Z Z (—1)id-1)

j times J times nl,...,anO ]{,‘1,...7k']'21

n; +1
H(_2> Zk‘ gk1+"'+k]‘,k1n1+"'+kjnj

i=1 v

Therefore, identifying the coefficients of the generators f,,, in (5.11) it follows
that the invariant A4 (r',€e’,1) with 1 <7/ <r and 0 <€’ <e equals the

coefficient of the monomial ©™ ¢¢*"™" in the expression

o) 1 e J e+1
§2ﬂ<m<I£a—u«ﬂWHﬂ*“ W“Q) = [L0 - o)™,
j= n= n=

Similarly, identifying the coefficients of the generators g, in (5.11) proves
that the invariant A4 (r',€’,2) with 1 <7/ <r and 0 <€ <e equals the
coefficient of the monomial u™ ¢¢*™ in the expression

e+1

pIL0 e )3

r1>ra>1, ri+ra<r, ni, n2>0, n14+n2<e
or 1<r1=ry<r/2, 0<n;<n., ni+n.<e
or 1<r; <r, 0<n1<e, ro=n>=0

1
547 —ng — ro)(—1)MFTn2T ) AL (0 g 1)

ri+r2 u™ +neo

x Ay (re,ng,1)q

Since this holds for any (r,e) € Z>1 x Z>o (with a suitable choice of d.),

Corollary 1.1 follows.
O
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