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Higher rank stable pairs and virtual
localization

ARTAN SHESHMANI

We introduce a higher rank analog of the Pandharipande-Thomas
theory of stable pairs [PT09a] on a Calabi-Yau threefold X. More
precisely, we develop a moduli theory for frozen triples given by

the data OF"(—n) 2, F where F is a sheaf of pure dimension 1.
The moduli space of such objects does not naturally determine an
enumerative theory: that is, it does not naturally possess a perfect
symmetric obstruction theory. Instead, we build a zero-dimensional
virtual fundamental class by hand, by truncating a deformation-
obstruction theory coming from the moduli of objects in the de-
rived category of X. This yields the first deformation-theoretic
construction of a higher-rank enumerative theory for Calabi-Yau
threefolds. We calculate this enumerative theory for local P! using
the Graber-Pandharipande [GP99] virtual localization technique.
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1. Introduction

Pandharipande and Thomas (PT for short) in [PT09b, PT09a] introduced
the notion of stable pairs, given by a tuple (F,s) where s € H’(X, F) and
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F is a pure sheaf with scheme-theoretically one dimensional support (with
fixed Hilbert polynomial and fixed second Chern character).

Roughly speaking, these were sheaf theoretic objects representing a sys-
tem of curves and points (on the curves) embedded in a fixed ambient Calabi-
Yau threefold. The advantage of working with stable pairs was that they
were realized as two term complexes @ =5 F, and the authors proved that
they were deforming as objects in the derived category. The robust yet pow-
erful machinery of deformation theory of objects in the derived category
then enabled the authors to construct well defined deformation-obstruction
complexes over the moduli space of stable pairs and their associated virtual
fundamental classes and compute their corresponding invariants. These en-
abled algebraic geometers to verify many more exciting results in the context
of enumerative geometry of Calabi Yau manifolds, as well as mathematical
string theory among some of which, one can mention the proof of MNOP
conjecture [PP12] as well as the proof of KKV conjecture over K3 surfaces
[PT14].

This article consists of two parts, Part I (theory) and Part II (Calcula-
tions). In Part I, we develop a higher rank analog of the theory of stable pairs,
in particular we produce a truncated well defined deformation-obstruction
theory of correct amplitude for this higher rank theory which, based on
a crucial assumption, provides a globally well defined virtual fundamental
class for the theory.

In Part II of the paper we apply our constructions to a toric variety, the
local P!. In Part II we show that over the torus fixed loci of the moduli space,
the higher rank objects of rank r become isomorphic to r copies of (twisted)
PT stable pairs. This fact implies two outcomes; firstly we can show that
over the torus fixed loci of the moduli space, the deformation-obstruction
theory of higher rank objects becomes isomorphic to multiple copies of PT
deformation-obstruction theory which is proven to be perfect of correct am-
plitude [PT09a]. Therefore, this implies that the restriction of the truncated
theory, constructed in Part I, to the torus fixed loci becomes perfect, which
automatically implies that the assumption made in Part I, independently,
holds true over the torus-fixed loci. Secondly via direct equivariant calcu-
lation of the theory of higher rank objects, and using the identification of
their torus fixed loci, we verify at the end of the article that their corre-
sponding equivariant vertex matches precisely with a twisted version of an
r-fold product of PT equivariant vertex. Below we elaborate further about
the content of Part I and Part II;
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Part I (Theory)

First we need the notion of triples; Let X be a nonsingular Calabi-Yau 3-fold
over C with H'(Ox) = 0 and with a fixed polarization L. A triple of type
(Pg, Pr) over X is given by a triple (E, F, ¢) where E and F are coherent
sheaves with fixed Hilbert polynomials Pr and Pr respectively, F' is given
as a pure sheaf with one dimensional support over X and ¢ : £ — F is a
holomorphic morphism.

In this article however, in order to generalize the PT theory of stable
pairs, we will use two special cases of the above triples; First we will intro-
duce the notion of “frozen triples” of type (r, Pr) which are given as a special
case of the triples (E, F, ¢) of type (Pg, Pr), in the sense that E = O (—n)
and F' has fixed Hilbert polynomial Pr. In other words we “freeze” E to be
isomorphic to OF"(—n) for fixed choice of 7, but the choice of this isomor-
phism is not fixed. Secondly, we will also work with closely related objects,
called “highly frozen triples”, given as quadruples (E, F,¢,1) where E, F
and ¢ have the same definition as above however, this time we have “highly”
frozen the triple by fixing a choice of isomorphism

Wi E = O (—n).

The stability condition for frozen and highly frozen triples is compatible with
PT stability of stable pairs (c.f. Remark 2.8). We call this stability condition
7'-limit-stability or in short 7/-stability. As it turns out (Lemma 2.7), a frozen
(respectively highly frozen) triple (E, F, ¢) of type (r, Pp) is 7-stable if and
only if the map F ?, F has zero dimensional cokernel.

Naturally, the moduli spaces of 7/-stable frozen and highly frozen triples
are given as algebraic stacks. In fact the notion of 7/-stability condition turns
out to be a limiting GIT stability and thus we apply the results of Wandel
[Wan10] (Section 3) to prove in Remark 3.4, Theorem 3.5 and Theorem 3.7
that the moduli stack of 7/-stable highly frozen triples of type (r, Pr), which
we denote by E)JT%FT )( ", is given as a scheme which is a GL, (C)-torsor over
the (Artin) moduli stack of 7/-stable frozen triples, denoted by zm(’” PF)( ".

Remark 1.1. Our constructions in this article depend on the fixed choice
of large enough integer n for which H*(F(n)) =0 for all i > 0. In fact
our computation of the deformation-obstruction theories for frozen and
highly frozen triples hold true over the sub-loci, mgﬁ)(r’ ) C m?giﬁlf)(ﬂ)

and ‘ﬁ(r PF)( " C sm(T PF)( ") over which the higher cohomologies of F'(n)
vanish (c f. Deﬁmtlon 4.1).
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Remark 1.2. Note that, as the choice of n, (r, Pr), as well as the stability
condition 7’ throughout this article is fixed, later whenever needed, we will
omit from our notation the fixed parameters in our construction and use
Nypr, Mypr and/or Npp, Mpr for our moduli spaces.

For a 3-fold X the natural deformation-obstruction theories of stable
frozen and highly frozen triples fail to provide well behaved complexes of
correct amplitude over Mpr and Nypr and they do not admit virtual fun-
damental cycles. Therefore, in order to find a remedy to this issue, we carry
out a careful study of deformation theory of frozen and highly frozen triples
viewed as objects in D’(X) given by I°®: OY (—n) — F and compute the
fixed-determinant obstruction theory of I®. It then turns out that, despite
the fact that the object I® (with the fixed determinant) in the derived cat-
egory does not distinguish between a frozen or a highly frozen triple, its
deformation space does; In other words, it can be shown that given a frozen
triple (E, F, ¢) and a highly frozen triple (E, F, ¢, 1), both associated to the
same object I® € D’(X), the space of flat deformations of (E, F,¢) and I*
are equally given by the group Ext!(I®, I*)y while the space of flat deforma-
tions of (E, F, ¢,1) is not equal to that of I® given by Ext!(I®, I®),.

We use this fact to compute the deformation space of highly frozen
triples (Proposition 4.3) and then, using a comparison between the two mod-
uli spaces (Proposition 4.4), obtain the deformation space of frozen triples
(Theorem 4.5); Finally we prove that the deformations of frozen triples are
equal to that of objects in the derived category (Theorem 4.9). We summa-
rize these results as follows;

Theorem. (Proposition 4.3, Proposition 4.4, Theorem 4.5, Theorem 4.9).

e Fizamap f:S — Nypr. Let S” be a square-zero extension of S with
ideal T. Let Defs(S", Nypr) denote the deformation space of the map
| obtained by the set of possible deformations, f':S" — Npp. The
following statement is true:

Defg(S’,‘JtHFT) = Hom([é, F) QK7L

o Fizamap f: S — Npp. Fixing f corresponds to fixing an S-flat family
of frozen triples given by [Ox(—n) X Mg — F| as in Definition 2.3.
Let S" be a square-zero extension of S with ideal Z. Let Defs(S’, MNpr)
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denote the deformation space of the map f obtained by the set of pos-
sible deformations, f': S" — Npp. The following statement is true:

Defs(S', Npr) = Hom(IS, F) ®I/Im<(gl7«((’)g) — Hom(Ig,F)) ®I>

o Let p € Npr be a point represented by the complex with fixed determi-
nant I® := Ox(—n)®" % F. The following is true:

TyNpr = Ext (I°,1°%)0.

We will then show that over 9T, the deformation of the universal object
in the derived category induces a 4-term deformation-obstruction complex
of perfect amplitude [—2, 1]:

Theorem. (Theorem 4.12). There exists a map in the derived category
given by:
Ry (R om(I°,1%)0 ® miwx) [2] 2 L.

After suitable truncations, there exists a 4 term complex E® of locally free
sheaves , such that E®V is self-symmetric of amplitude [—2, 1] and there exists
a map in the derived category:

(1) EY 5Ly

such that h=1(obt) is surjective, and h°(ob') and h'(ob') are isomorphisms.
Here Ly, stands for the truncated cotangent complex of the Artin stack
M pr which is of amplitude [—1,1].

Now we give a brief overview of the main result of the paper which is:
to construct a virtual fundamental class from the mon-perfect obstruction
theory of stable frozen and highly frozen triples.

Let 7 : Mygpr — Npr denote the natural forgetful map in Diagram (10).
The complex 7*E®V is perfect of amplitude [—2, 1] and the main obstacle in
constructing a well-behaved deformation-obstruction theory over DMyp is to
truncate 7*E*Y in to a 2-term complex, and define (globally) a well-behaved
deformation-obstrution theory of perfect amplitude [—1,0].

The simplest solution to this problem is to apply a cohomological trun-
cation operation. Doing so requires obtaining a certain lifting map from
g:Qr — m*E*Y (c.f. Proposition 4.14), taking the mapping cone of this lift
(and shifting by —1) and proving that the resulting complex satisfies the con-
ditions of being a perfect deformation-obstruction theory for DMypr. Here Q2
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is the relative cotangent sheaf of 7 : Nygpr — Npr. This procedure will re-
move the degree 1 term from the complex 7*E®Y. We also require to remove
the degree —2 term of 7*E®V.

Then we use the self-symmetry of E*Y and apply the same procedure as
above to the dual map ¢g¥ : 7*E® — T, (c.f. Theorem 4.15) obtained from
dualizing the map g. We finally obtain a local truncation of 7*E®Y of perfect
amplitude [—1,0] which we denote by G®. Knowing that 7*E®Y is quasi-
isomorphic to a 4 term complex of vector bundles:

(2) T™E? s B - *E° - B!

it can be seen from our construction (Lemma 8.18) that, locally, the complex
G*® is given by

B2 Y gl aT, — 7 E'®Q, 4 gt
which is quasi-isomorphic to a 2-term complex of vector bundles
(3) Coker(d') — Ker(d)

concentrated in degrees —1 and 0. The existence of the lifting map ¢ is
guaranteed Zariski locally over 9lypr but not globally. Hence our strategy
is to locally truncate 7*E®Y as explained above, construct the corresponding
local virtual cycles and, assuming that certain technical condition holds true
(c.f. Assumption 4.21), glue the local cycles together to define a globally-
defined virtual fundamental class. Our main summarizing theorems of this
part are as follows:

Theorem. (Theorem 4.15 and Theorem 4.22).

e Consider the 4-term deformation-obstruction theory E®V of perfect am-
plitude [—2,1] over Mpp. Locally in the Zariski topology over Nypr
there exists a perfect two-term deformation-obstruction theory of per-
fect amplitude [—1,0] which is obtained from the suitable local trunca-
tion of the pullback w*E®*Y via the map 7 : Nyrr — Npr.

e Assuming the technical condition in Assumption /.21, the local
deformation-obstruction theory in Theorem /.15 satisfies the condi-
tions of being a semi perfect deformation-obstruction theory in the
sense of [CL11, Definition 3.1] and hence, it defines a globally well-
behaved virtual fundamental class over Nypr.
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Part II (Calculations)

If X has a torus action, then the moduli space of highly frozen triples inherits
it (once we have chosen an equivariant structure of Ox(—n)). Let T denote
the torus action induced on DMypr. It can be shown that a torus fixed point
in the moduli scheme corresponds to a T-equivariant highly frozen triple of
type (r, Pr) (Proposition 5.2). The key observation is that a 7-equivariant
highly frozen triple of rank r is always written as a direct sum of r-copies of
T := C*3-equivariant PT stable pair:

(4) 1T = (O0x(-n) - F)T.
=1

The consequence of identity (4) is of significant importance, since it en-
ables one to immediately realize that the T-fixed loci of Dypr are given as
r-fold product of T-fixed loci of PT moduli space of stable pairs which are
conjectured by Pandharipande and Thomas in [PT09a] (Conjecture 2) to be
nonsingular and compact. Therefore, it turns out that even though, origi-
nally, our moduli scheme is non-compact, its torus-fixed loci are compact,
over which we are able to carry out localization computations.

Moreover here we can see that Assumption 4.21 for Theorem 4.22 holds
true independently over 7-fixed loci (c.f. Lemma 5.9); the reason is due to
the fact that over the T-fixed loci of Mypr the restriction of the truncated
deformation-obstruction complex in Theorem 4.22 becomes isomorphic to r
copies of T-fixed PT deformation obstruction complex (c.f. Proposition 5.8)
which is perfect of amplitude [—1, 0] naturally (also look at Remark 4.24).

Finally we apply our results to threefolds given as toric varieties (Sec-
tion 5.1) and directly compute the 1-legged equivariant Calabi-Yau vertex
for when X is given as the total space of Opi(—1) ® Opi(—1) — P! (Equa-
tion (105));

(1) (spts3) \ T
(5) wiE = (1+q )
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2. Part I (Theory)

Definition 2.1. (Holomorphic Triples) Let X be a nonsingular projec-
tive Calabi-Yau 3-fold over C (i.e Ky = Ox and m(X) = 0 which implies
H'(Ox) = 0) with a fixed polarization L . A holomorphic triple supported
on X is given by (E, F, ¢) consisting of a torsion free coherent sheaf F and
a pure sheaf F' with one dimensional support, together with a holomor-
phic morphism ¢ : £ — F. A homomorphism of triples from (E’, F’,¢’) to
(B, F,¢) is a commutative diagram:

Y
l l
E—" . F

Now let S be a C scheme of finite type and let 7x : X x .S — X and ng :
X x S — S be the corresponding projections. An S-flat family of triples
over X is a triple (£,F,¢) consisting of a morphism of Ox g modules
RN F such that £ and F are flat over S and for every point s € S the fiber
(E,F, @) |s is given by a holomorphic triple over X. Two S-flat families of
triples (€, F, ¢) and (&', F', ¢’) are isomorphic if there exists a commutative
diagram of the form:
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/
é 2 g
~ | |~
e . r

Definition 2.2. (Type of a triple) A triple of type (Pg, Pr) is given by a
triple (E, F, ¢) such that P(E(m)) = Pg and P(F(m)) = Pp. Note that by
the Grothendieck-Riemann-Roch theorem, fixing the Hilbert polynomial of
E, F is equivalent to fixing their Chern characters.

Definition 2.3. (Frozen triples) Define a frozen triple as a holomorphic
triple in Definition 2.1 such that F = Ox(—n)®" for some fixed large enough
n € Z. For the frozen triples we simplify the notation for type of a frozen
triple by writing “of type (r, Pr)”. Now, an S-flat family of frozen-triples of
type (r, Pr) is a triple (£, F, ¢) consisting of a morphism of Oy g modules
¢: & — F, such that £ and F satisfy the condition of Definition 2.1 and
moreover £ = 130x(—n) ® 1¢Mg where Mg is a vector bundle of rank
r on S. Two S-flat families of frozen-triples (&, F,¢) and (&', F',¢') are
isomorphic if there exists a commutative diagram:

/
& —— &
~| | =
& ¢ F

Definition 2.4. (Highly frozen triples) A highly frozen triple of type (r, Pr)
is a quadruple (E, F, ¢, 1) where (E, F, ¢) is a frozen triple of type (r, Pr) as
in Definition 2.3 and ¢ : E = O x(—n)®" is a fixed choice of isomorphism.
A morphism between highly frozen triples (E', F', ¢/, ¢') and (E, F, ¢,v) is
a morphism F’ % F such that the following diagram is commutative.

/—1 /
Ox(-ner 4 g
id | -1 | Lp
Ox(—n)®" v E ¢ F

An S-flat family of highly frozen triples is a quadruple (€, F, ¢, 1) consisting
of a morphism of Oxxg modules £ KA F such that £ and F satisfy the

condition of Definition 2.1 and moreover 1 : £ —» T4 Ox(—n) @ THOL" is
a fixed choice of isomorphism. Two S-flat families of highly frozen-triples
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(E,F,d,7) and (E', F',¢',4)') are isomorphic if there exists a commutative
diagram:

/—1 /
P Ox(-n) @m0 g
id | Pt | ® |=
T Ox(—n) @ TEOE" £ F

Stability condition

Definition 2.5. (Stability of holomorphic triples) Let ¢qi(m) and g2(m)
be positive rational polynomials of degree at least 2. A holomorphic triple
T = (E,F, ¢) of type (Pg, Pr) is called 7-semistable (respectively, stable) if
for any subsheaves E’ of E and F’ of F such that 0 # E' & F' # E & F and
O(E') C F":

(6)  gz(m) (PE’ —rk(E) <H§E E) ((Tg))»

/ Pr g2(m)
+ q1(m) (PF/ —rk(F") (r ) + T (F))) < 0/resp. < 0.

Now we simplify Definition 2.5 and obtain a tailored version of 7'-
stability condition for the frozen triples of type (r, Pr). Fix a frozen triple
(E,F,¢) of type (r,Pr) and let the subtriple (E’,F’,¢’) be given as
(Ox(—n)®" F',¢') such that F’ C F and ¢ factors through F’, then the
stability condition is written as:

2(m) (%— % ¥ q1<m>>
+q1(m) (PF/ —rk(F") <H§;> + ng((T;D) < 0.

Divinding by ¢1(m) and setting the new variable g(m)
of the two, we obtain:

220 as the ratio

Pr. q(m) Pr q(m)
7) (@) k() = k() rk(E)

Which is similar to the notion of Le Potier’s stability condition for coherent
systems [LP95]. Now we state our conclusion as the following definition;



Higher rank stable pairs and virtual localization 149

Definition 2.6. (7'-stability for frozen triples) Let g(m) be given by a poly-
nomial with rational coefficients such that its leading coefficient is positive.
A frozen triple (E, F, ¢) of type (r, Pp) is 7-stable with respect to g(m) if
and only if the following conditions are satisfied;

1) For all proper nonzero subsheaves G C F for which ¢ does not factor
through G we have:

Pg Pr q(m)
Q) S TRE) T rR(E)

2) For all proper subsheaves, G C F' for which the map ¢ factors through:

(8) g(m) + <PG — k() (Hi%) + qu€2?))> <0.

Limit stability. We show here that the 7/-stability condition for frozen
and highly frozen triples is asymptotically similar to stability of PT pairs
[PT09a, Lemma 1.3].

Lemma 2.7. (7'-limit-stability) Fiz q(m) to be given as a polynomial of
degree at least 2 with rational coefficients such that its leading coefficient is
positive. A frozen triple (E, F, ¢) of type (r, Pp) is 7-limit-stable if and only

if the map B ﬂ F has zero dimensional cokernel.

Proof. For simplicity, we use O%"(—n) instead of E. The exact sequence

0— K — Ox(—n)®" N AN @ — 0 induces a short exact sequence 0 —
Im(¢) - F — @Q — 0. Therefore one obtains the following commutative di-
agram of the triples:

Ox_(IN)@’” _ Im()

[
Ox(—n)®" F

Now we use the assumption for ¢(m) and assume that Ox(—n)®" % Fis
stable, therefore we obtain:

g(m) + (P1m<¢) — rk(Im(¢)) - <N§;) + f]{fg’;})» <0.
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In other words by rearrangement:

© atm) (1= TR ) < ko) s oo

Consider the polynomials on both sides of inequality (9). One finds that the
right hand side of (9) is a polynomial in m of degree at most 1. However
by the assumed choice of g(m), the left hand side of inequality is given by a
polynomial of degree at least two with positive leading coefficient. Hence the
left hand side becomes larger than the right hand side and the only way for
the inequality to make sense is to have the left hand side to be equal to zero,
i.e rk(Im(¢)) = rk(F) and therefore () must be a zero dimensional sheaf. For
the other direction: assume that () is not a zero dimensional sheaf and the
triple is 7-limit-stable. Now by similar argument, since degree of g(m) is
chosen to be sufficiently large enough, rk(Im(¢)) = rk(F') which contradicts
the assumption of ) not being zero dimensional sheaf and this finishes the
proof. O

Remark 2.8. (Relation to PT stability) Note that setting » = 1 and fol-
lowing the same steps to obtain Equation (7), will enable us to see that
the stability conditions defined in part (1) and (2) of Definition 2.6 are the
same as the ones used by Pandharipande-Thomas [PT09a, Equation (1.1)
and (1.2) ]. Moreover, the result of Lemma 2.7 shows that the limit-stable
frozen triples do satisfy the conditions, same as conditions (i) and (ii) of
PT pair stability [PT09a, Lemma 1.3]. This result is certainly expected, due
to the fact that PT stable pairs are special case of frozen triples where the
value of r is set to be equal to 1.

Throughout the rest of this article by 7/-stability we mean 7/-limit-stability.
3. Construction of moduli stacks

Definition 3.1. (Moduli stack of highly frozen triples) Define mtgﬁ) (") to

be the fibered category p : Wg%%)(f) — Sch/C such that for all S € Sch/C
the objects in mgﬁ) (') are S-flat families of 7/-stable highly frozen triples
of type (r, Pp). Given a morphism of C-schemes ¢ : S — K and two families
of highly frozen triples T := (£, F, $,¢)g and Tk := (£, F, ¢, ¢')k as in
Definition 2.4 (sub-index indicates the base parameter scheme over which
the family is constructed), a morphism T — Tk in Smg’FIff)(T’ ) is defined
by an isomorphism:

Vs TS — (g X 1)()*TK.
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Definition 3.2. (Moduli stack of frozen triples) Define Dﬁg’TPF)(T’) to be
the fibered category p : sm“ PF)( "y = Sch/C such that for all S € Sch/C
the objects in DJT%T )(T’ ) are S-flat families of 7/-stable frozen triples of
type (r, Pp) as in Definition 2.3. Given a morphism of C-schemes g : 5 — K
and two families of frozen triples T := (€, F, ¢)s and Tx = (&, F, )k
as in Definition 2.3, a morphism T — Tk in zm( o )(7" ) is defined by an
isomorphism:

Vg TS —t (g X lx)*TK.

Proposition 3.3. Use definitions 3.1 and 3.2. The fibered categories
Sm(HT%I‘DTF)(T/) and fmng)(T’) are stacks.

Proof. This is immediate from faithfully flat descent of coherent sheaves and
homomorphisms of coherent sheaves [vis04, Theorem 4.23]. g

Remark 3.4. (Fibered diagram of moduli stacks) There exists a forget-
ful morphism ¢’ Sﬁ(r PF)( ")y — BGL,(C) which is given by taking a frozen
triple {(E, F,¢)} € SJT(T PF)( Y to {E} € BGL,(C) by forgetting F' and ¢.
Moreover, there exists a forgetful map im%Fl; )(T’ ) 5 im,({’TPF) (7') which takes
(E,F,¢,v) to (E, F, ¢). Following the definition of fiber products of stacks,

it can be shown that the natural diagram:

img#?;)(f) pt = Spec(C)
WJ , i
(r,Pr) 9 | Spec(C
(10) M) (1) BGL,(C) = [G"L—(ﬂc)’} |

is a fibered diagram in the category of stacks. We leave the details to the
interested reader to verify this.

Next we show that the moduli stacks of frozen and highly frozen triples are
given as algebraic stacks; The main requirement to construct the moduli
stacks is the boundedness property for the family of triples of fixed given
type. Wandel [Wan10, Definition 1.1] studies the construction of the moduli
space of objects ¢ : D — &£, denoted as pairs. These objects are defined sim-
ilar to triples in Definition 2.1. The author introduces the notion of Hilbert
polynomial for a pair [Wanl0, Definition 1.3] and J-semistability [Wan10,
Definition 1.4] where 0 is given as a stability parameter. The author then
shows [Wan10, Proposition 2.1] that the family of d-stable pairs with Fixed
Hilbert polynomial is bounded.
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Replacing § with ¢(m), it is easily seen that Wandel’s notion of o-
semistability is completely compatible with our notion of 7/-semistability in
Definition 2.6 and therefore the family of highly frozen triples, (E, F, ¢, ) of
type (r, Pr) is bounded. Now the boundedness property implies that there
exists an integer n’ (we call it n’ to distinguish it from the fixed integer n
appearing in the description of E = O%(—n)) for which, E and F' satisfy
regularity condition. In other words for all sheaves appearing in the family
we have that F(n') and F(n’) are globally generated. Therefore, there exists
a surjective morphism Vi ® Ox(—n') — F where Vg := HY(F ® L") is a
complex vector space of dimension dy = Pp(n'). Now following the usual
constructions, one constructs the Quot-scheme

Qp := Quotp, (Vr ® Ox(—n')),

and so the scheme parameterizing the morphisms ¢ : OY"(—n) — F is given
by a bundle P over Qp whose fibers are given by HY(F(n))®". Now let
S(7') C P be given as an open subscheme of P whose fibers parametrize
7/-stable highly frozen triples £ — F.

VF ® Of(_n/)
Ox(—n)®" ¢ F

Theorem 3.5. The following isomorphism of stacks holds true:

1)

rPr), o~ | S(T)
Mypr (7)) = [GL(VF)] .

2) Moreover, there exists an isomorphism of stacks:

s(7) ] |

(rPr) /1 ~
M () = [GLT(C) < GL(Vp)

Proof. Part (1): The proof is immediate, following the definition of algebraic
quotient stacks. Part (2) follows from part (1) and the fact that imgFTF )(7" )
is a GL,(C) torsor over Dﬁg’TPF)(T’) (c.f. Remark 3.4). O

Now we study automorphisms of highly frozen triples.

Lemma 3.6. Given a 7'-stable highly frozen triple (E, F, $,1) as in Defi-
nition 2.4 and a commutative diagram
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1

oxn -2 g% . p
id | -1 | 1p

Ox(—n)®" L4 E ¢ F

the map p is given by idp.

Proof. Since 1) is a choice of isomorphism, for simplicity replace F by
Ox(—n)®" and consider the diagram:

Ox(—n)®" ¢ F
idl é lp
Ox(—n)®" F

(11) :

Then, diagram (11) induces:

Ox(-n)®" ———Im(¢) ——— E

id] ¢ 10 (o) 1P

Ox(-n)®" ———Im(¢) —— E

By commutativity of (11), po ¢ = ¢ oid = ¢, then p(Im(¢)) = Im(¢). Hence
p(Im(¢)) C Im(¢). It follows that p |ry(g)= idim(g)- Indeed if s € Im(¢)(U),
where U C X is affine open with § € Ox(—n)%"(U) satisfying ¢(3) = s, then
p(s) = p(p(8)) = ¢(id(5)) = ¢(5) = s. Now apply Hom(—, F') to the short ex-
act sequence 0 — Im(¢) — F — @ — 0, where @) denotes the corresponding
cokernel. One obtains:

0 — Hom(Q, F') — Hom(F, F') — Hom(Im(¢), F).
Since (E,F,¢,1) is 7'-stable then by Lemma 2.7, @ is a sheaf with 0-

dimensional support. Hence by purity of F';, Hom(Q, F') = 0. Hence one ob-
tains an injection Hom(F, F') — Hom(Im(¢), F'). Now

P ()= 1dim(g) = (idF) [1m(g) -

So p =idp. O

Theorem 3.7. The moduli stack mﬁ;ﬁ;) (77) is given by an algebraic scheme.
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Proof. Tt is enough to show that for every C-point p := DJIg]’?PTF) (7")(Spec(C))

its stabilizer group Stabmggw(ﬂ)(p) is finite group with one element, given
as identity. Since the point p is represented by a 7/-stable highly frozen triple
(E,F,¢,1), then Stabmgvﬁ?)(ﬂ)(p) is obtained by the automorphism group
of (E, F,¢,v) which is given by the identity element, following Lemma 3.6

O

4. Deformation theory of of triples

As was shown, the construction of the moduli stack of stable frozen triples
depends on choices of two fixed large enough integers n > 0 and n’ > 0. The
first integer appears in the description E := Ox(—n)%" and the latter is the
one for which F(n') is globally generated. The fact that the sheaf F(n') is
globally generated for large enough values of n’ does not a priori imply that
H(F(n)) =0 for all i > 0 and our fixed choice of n. Therefore, we fix this
issue by introducing the following definition:

Definition 4.1. Consider Sﬁgﬁlafv)(T’ ) and i)ﬁg’TPF)(T’ ) in definitions 3.1

and 3.2 respectively. Define the open substacks ‘ﬁg]’?PTF) (') C mtgf{) (7') and

mgTPF)(T/) - m(FT’TPF)(T’ ) such that:

1) M) (r') = {(B, F. ¢, %) € M) (') | H(F(n)) = 0}.
2) MU (7)) = (B, F,¢) e MG (+') | H(F(n)) = 0}.

From now on, we will omit “(r, Pr)” and “(7')” in the notation used
for our moduli stacks, in order to avoid notational complexity. Moreover,
all our calculations are carried out over 9grpr and DNpr and the results in
the following sections hold true for Ngpr and g only. Also we assume
that it is implicitly understood that in the following sections by the “moduli
stack of frozen or highly frozen triples” we mean the open substack of the
corresponding moduli stacks as in Definition 4.1.

Deformation space of frozen and highly frozen triples. First we
state the result of Illusie with no proof;

Theorem 4.2. [1li71, Section IV 3.2.12]. Given a graded morphism of

@r

graded modules Ox xs(—n) 2, F, there exists an element

ob € Extzpb(Xxs)(Cone(qﬁ),I@ F)
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whose vanishing is necessary and sufficient in order to obtain nontrivial flat

deformations of Oxxs(—n)®" 2 F If ob = 0 then the set of isomorphism
classes of deformations forms a torsor under Ext%)b(Xxs)(Cone(qﬁ),I ® F).

Now we apply Theorem 4.2 to our case and obtain the following propo-
sition;

Proposition 4.3. Given a 7'-stable highly frozen triple (E, F, ¢,1), repre-
sented by the complex I® : Ox(—n)¥" — F, its space of infinitesimal defor-
mations is given by Hom(I®, F).

Proof. A square zero embedding S < S’ is a closed immersion whose defin-
ing ideal T satisfies 72 = 0. Note that here, Cone(¢) = I%[1]. Now apply
Ilusie’s result and see that the obstructions ob : Cone(¢) — Z ® F are given
by the composite morphism [I1171, Section 3.2.14.3]:

(12) Cone(¢) = k' (Lo, 500y, s(—n)or/0x @ Fl1])
S K (T ® (Oxws(—n) @ Oxys(—1)®") @ (Ox s & F))
—ZI® F[2].

which induce the composite morphism:

(13) Cone(d) — Loy, sj0x @ F(1] = T @ F[2],

the set of such composite homomorphisms is given by Hom(/g[1], Z ® F[2]) =
Ext! (1%, ® F) = Ext' (12, F) ® Z, similarly if ob = 0, then the set of iso-

morphism classes of deformations of highly frozen triples makes a torsor
under

Ext!(I¢[1],Z ® F) = Hom(I$,Z ® F) = Hom(I§, F) ® T. O

Proposition 4.4. The tangent space of Npr at a point {p} : (E, F, ¢) rep-
resented by a complex I® := [E — F| satisfies the following identity:

(14) TyNpr = Hom(I°, F)/Im(gl,(C) — Hom(I®, F)).
or equivalently;

(15) T Npr = Coker[gl,(C) — Hom(I*, F)].
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Proof. Since our analysis is over a point in the moduli stack, we assume that
S = Spec(C) and S’ is a square-zero extension over S. Following Remark 3.4
we have that, DNgpr is a Gl (C)-torsor over Jpr. Therefore, in the level of
tangent spaces we obtain:

(16) glr((C) — TpmHFT — TmeT — 0,
hence it is immediately seen that
TmeT = Coker[glr((C) — Tp‘ﬁHFT].

Now use the fact that, T,Mgpr = Hom(/*, F) by Proposition 4.3. O
A similar analysis can be carried out when S is given by an affine scheme

and S’ is an S-scheme. We state this result without further proof;

Theorem 4.5. Fiz a map f: S — Npp. Fizing f corresponds to firing an
S-flat family of frozen triples given by [Ox(—n) X Mg — F| as in Defini-
tion 2.8. Let S’ be a square-zero extension of S with ideal Z. Let Defg(S’,
Npr) denote the deformation space of the map f obtained by the set of
possible deformations, ' : S’ — Npp. The following statement is true:

(17) Defs(S',Npr) = Hom(I1g, F) ® Z/Im((gl,(Og) — Hom(I§, F)) @ I)
Deformation of frozen triples as objects in the derived category.

Lemma 4.6. Let I* := [Ox(—n)®" SN F] correspond to a point of Mupr
or Npr. Then:

Ext’(F,Ox(—n)) =2 0= Ext'(F,Ox(—n)).
Proof. Use Serre duality and obtain:

Ext/(F, Ox(—n)) 2 (Ext’ " (Ox(—n), F @ wx)"
>~ Ext* ' (Ox(—n), F)V = H*(F(n))".

The statement follows from the definitions of Myt and Npr. Il

Let I* € D°(X) represent the complex I®:=0Ox (—n)®" %y F with Ox(—n)®r
in degree 0 and F' in degree 1. Let K := Ker(¢) and @ := Coker(¢). There
exist the following exact triangles in the derived category:

(18) F[—l] —)I.%OX(—n)GBT—)F_)...
(19) KI5 Q-1 = K[1] = -
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Lemma 4.7. Suppose that a frozen triple (E, F,®) of type (r, Pp) is 7'-
stable. Then Ext="'(I*,I*) = 0.

Proof. Note that Ext*(I®,1°) =0 for k < —2 for degree reasons. We now
consider kK = —1. Apply Hom(I®,-) to (18) and obtain:

(20) Ext™2(I*, F) — Ext™'(I°,1°)
— Ext™1(I°,0% (—n)) — Ext ' (I*, F)

Now apply Hom(-, F') to (19) and obtain:

(21) .- = ExtY(Q[-1], F) — Ext‘(I*, F)
— Ext'(K, F) — Ext"™(Q[-1], F) - --

It is easy to see that Ext™2(Q[—1], F) =0, Ext ?(K, F)=0 and Ext™ (K, F)

>~ () for degree reasons. Moreover, Ext~}(Q[—1], F) = Hom(Q, F) = 0 since
Q@ is zero dimensional (by 7/-stability) and F is of pure dimension one. Hence

(22) Ext™2(I*,F)=0 and Ext™'(I*,F)=0,
and therefore

Ext™'(1°,1°) = Ext~'(I*, 0F (—n)).
Now apply Hom(-, O (—n)) to (18) and obtain:

(23)  Ext™H(F, 0% (—n)) — Ext 1 (0Y" (-n), 0OY (—n))
— Ext™1(I°,0%" (—n)) — Hom(F, OY" (—n)).

Now Ext (0% (—n),0% (—n))=0 by degree reasons and Hom(F,
0% (—n)) 20 by purity of OF"(—n). Hence Ext™!(I*,0F"(-n)) = 0 and
Ext1(1°,1°) 2 Ext 1(I*,0%"(-n)) 20 O

Lemma 4.8. Let I* € D°(X) represent a 7'-stable frozen triple (E, F, ¢) of
type (r, Pr). Then there exists an injective map:

Hom(I®,1°) < End(Ox(—n)®").
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Proof. Apply Hom(I°®,-) to (18) and obtain the following exact sequence:
(24) Ext™'(I°,F) — Hom(I®,I*) — Hom(I*, Ox(—n)®") — Hom(I*, F)
— Ext!(I°,1°) — Ext!(I*, Ox(—n)®")
— Ext!(I®, F) — Ext?*(I°, I°*)-
Observe that the leftmost term in (24) vanishes because of degree reasons:

(25) 0 — Hom(I®,I*) — Hom(I®,Ox(—n)®") — Hom(I*, F)
— BExt!(1°,1°) — Ext'(I*, Ox(—n)®") — Ext'(I*, F) — - --

Now apply Hom(-, Ox(—n)®") to (18) and obtain:

(26)  Hom(F,Ox(—n)¥") — End(Ox(—n)¥") — Hom(I*,Ox(—n)%")
— Ext!(F,Ox(—n)®")

Using Lemma 4.6, it is immediately seen that the leftmost and the rightmost
terms in (26) vanish. Hence End(Ox (—n)®") = Hom(I®, Ox(—n)®"). Hence
it is seen from (25) that Hom(I*®, I*) — End(Ox(—n)®") is injective. O

Theorem 4.9. Let p € Npr be a point represented by the complexr with
fized determinant I® := Ox(—n)®" % F. The following is true:

TN pr = Ext' (I°,1%)0.

Proof. Consider the exact sequence in (25). Now use the result of Lemma 4.8
to obtain the following exact sequence:

(27)  Hom(I*,I®) < gl,.(C) — Hom(I*, F) — Ext!(I°®, I*)
— Ext!(I*, Ox(—n)®") — Ext}(I*, F) — -

where we have replaced End(Ox(—n)®") with gl,(C). Now recall that
H'(Ox) =0 by assumption. In that case, assuming that the complex I°
has fixed determinant, then we have Ext?(I®, I*)q = Ext(I*, I*). Hence, the
exact sequence in (27) is rewritten as:

(28) 0 — Hom(I*,I°) — gl.(C) — Hom(I*, F)
— BExt!'(I°,1°)g — 0 — Ext!(I*, F).

Hence we obtain Hom(7®, F)/Im[gl,(C) — Hom(I®, F)] = Ext!(I®, I*)o.
Now use Proposition 4.4 and obtain T,Mpr = Ext! (1°,1*)o. O



Higher rank stable pairs and virtual localization 159

Corollary 4.10. Let Ig be defined as in Theorem 4.9. The higher order
deformation Ig, over S of Ig with trivial determinant is quasi-isomorphic to
a complex:

P £
(O es(=n)"" = F]
Proof. This is a direct consequence of Theorem 4.9. O

Deformation-obstruction theories and virtual
fundamental class

By Theorem 3.5 the moduli stack of stable frozen triples 9pr is an Artin
stack. The definition of a perfect deformation-obstruction theory for Qg is
as follows:

Definition 4.11. Following [LMBO00] and [Ols07], a perfect deformation-
obstruction theory for Mpr is given by a perfect 3-term complex E®V of

strongly perfect amplitude [—1,1] and a map in the derived category E*V LA
L%, such that h'(¢) and h%(¢) are isomorphisms and h~'(¢) is an epimor-
phism. Here L§; is the truncated cotangent complex of the Artin moduli
stack of 7/-stable frozen triples concentrated in degrees —1, 0 and 1 whose
pullback via the projection map 7 : Mypr — Npr has the form:

L. = Z/T° = Qa [oger— (81:(C))Y © Oy

Note that (gl,(C))Y ® Onypr = O, 2A denotes an ambient smooth Artin
stack and Z is the ideal corresponding to the embedding Nypr — 2.

Deformation-obstruction theory of amplitude [—2,1] over Dlpr.
In what follows, we use the following notation:

o : X X Npr = Npr and 7y 1 X X Npr — X.
Theorem 4.12. (a). There exists a map in the derived category given by:
Ry (RA#om(I°,1%)0 ® miewx) [2] 2 Ly,

(b). After suitable truncations, there exists a 4 term complex B® of locally
free sheaves , such that E®V is self-symmetric of amplitude [—2,1] and there
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exists a map in the derived category:
(29) EY 2L Ly,
such that h=1(ob') is surjective, and h°(ob') and h'(ob') are isomorphisms.
Proof. Here we prove (a). Consider the universal complex:
I* = [M ® Ox xope(—1n) = F] € DY(X x N).

Since the composition of the maps id : Oxxm,, — R om(I°,1°) and tr:
R om(I°,1°) — Oxxm,, is multiplication by rk(I°®), one obtains a splitting

R om(I°,1°) =2 R om(I1°,1%)g ® Ox xopr

Recall that by part (2) of Theorem 3.5, Npr = [%] where G = GL,(C) x
GL(Vr). For simplicity denote & := &(7’). Let I denote the pullback of I°
to X x &. We write L® to mean the full, untruncated cotangent complex,
and write L*® = 7271 L® for the truncated cotangent complex. Consider the
Atiyah class Iy — L%, & ® I%[1] defined by Illusie [1171, Section 1V2.3.6].
The Atiyah class can be identified with a class in Ext! (Is, L s ® I&). The

composite
Is = Ly ve @ I5[1] = 727 Ly © I5[1] = Ly e @ I5[1]

is the truncated Atiyah class of [HT10, Section 2.2]. By [HL10, Proposi-
tion 2.1.10] the complex I* is perfect. It then follows from [Il171, Corollaire
1V.2.3.7.4] that the composite I — L%, & @ I&[1] = Q4 o ® I%[1], when
identified with a 1-extension, agrees with the canonical 1-extension

(30) 0= 0L e @I = Phe @I = 1% — 0,

defined by tensoring with the first-order principal parts P}(X@. We want
to show that the Atiyah class descends to X x Npp = X x [§] where G =

More precisely, this means the following; Let gy : X X & = X X Npr
denote the projection. Then we want a morphism

]I. — L..XX‘J"(FT ® H.[l]
on MNpr, such that the natural composite

gl = gL xopr © @nI*[1] = Ly xe ® I5[1]
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agrees with the Atiyah class of Illusie. The complex I is G-equivariant by
construction (it comes via pullback from X x 9pr), and the construction
of the Atiyah class shows that it too is naturally G-equivariant. The pulled
back cotangent complex gy L%, o has the following description;

There is a natural composite map L%, & — Q}(X@ — g¥ ® Oxxe, where
the second map is dual to the infinitesimal g-action (and g = Lie(G)). Then
a5 L o, = Cone[L, s — 8" @ Oxxel[—1]. Thus, to prove that the
Atiyah class descends to X x 9ipp in the sense explained above, it suffices
to show that the composite

Hé — LB{X@ ®H.6[1] — Q}X—XG ®H3(><6[1] — g\/ ®H:5[1]

represents an equivariantly split extension. By the above discussion, this ex-
tension is obtained by pushing out the principal parts extension (30) along
the natural map Q%(x@ @ I% — g¥ ® IY. Just as a splitting of the principal
parts extension corresponds to a choice of connection, however, a splitting
of its pushout corresponds to a choice of an L-connection [CRdAB10, Sec-
tion 4] where L = g ® Oxxe is the action Lie algebroid associated to the
infinitesimal G-action. Since I°® is G-equivariant, it comes equipped with
a g ® Oxxs-connection, hence a G-equivariant splitting of the required 1-
extension. It follows that the Atiyah class descends to X x Jpr.

We now have the truncated Atiyah class of the universal complex, given
by a class in

(31) EXt_]j(XmFT(H.7]I. ®L3(><‘)1FT)
= Extly o, (R 0m(1°,1°), L xot,.r)
= EXt—%{XwFT (R%Om(ﬂ., H.)O @ OXXmFT7L.X><mFT)7

where ]L‘B(x‘ﬁm denotes the truncated cotangent complex of X x Dpr. Note
that over X x Vg, LkaFT =7y L% @W&L?ﬂ” and so one obtains the
following map between the Ext groups:

(32) EXt%(x‘J‘tFT (RAom(I°,1%)0 & Ox xotprs L xonyor )
— ExtX oy, (RAom(I%, )0, mh LY, )

On the other hand:
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(33)  Extk.m., (RZom(I%,1%), mhLe,..)
o Ext%r;lg?:dim(m”)*l (WS}L&FT, R#om(1°,1%)p ® wamFT)V
o~ Ethi?(X)—i_dim(mFT)_l (L;nFT, Rﬂ'm* (R%Om(ﬂ.,ﬂ.)o ® WXx*)’tFT))v

My
(Rmn* (RAom(I°,1°)0 ® Wx x9tpr) » Lin,, ® meT)

=~ Bxty Y (Rrgr . (RA0m(I°,1%)0 @ wix xon)

* —1 °
® R« Myworer > L, )+

where the first isomorphism is obtained by Serre duality, the second isomor-
phism is induced by the adjointness property of the left derived pullback
and the right derived pushforward and the third isomorphism is obtained
by Serre duality. By projection formula and the definition of the relative
dualizing sheaf wy,, = wxxn ® w;zl = 1wy and since X is a threefold, the
last term in (33) is rewritten as:

(34) Rron s (RAom(I°,1°) @ mywx) [2] — L,

Now for part (b) use Theorem 4.9 as well as [HT10, PT09a] and see that
(34) induces isomorphisms in h® and h' levels and a surjection at h=* level.
Finally, we apply [PT09a, Lemma 2.10] to (34) and see that the complex
on the left hand side of (34) is quasi-isomorphic to a 4 term complex of
vector bundles. We briefly review their strategy here; Start from A®, a finite

locally free resolution of I°. ThenA®Y ® A® is a finite locally free resolution
of R om(I°,1*) and moreover,

Ao\/ ® Ao o OXX‘JIFT @ (AOV ® A.)O

where the complex (A®*Y ® A®)g is the locally free resolution of R#om(I°,
I*)o. Now let B® be a finite locally free resolution of (A*Y ® A®)y, trimmed
to start at least 4 places earlier than (A®*Y ® A®)g, such that B® satisfies
the property that R<?m,B’ = 0 and R3m,B’ is locally free. Then following
the same strategy as in [PT09a, Lemma 2.10], we can define a complex E®,
whose terms are defined by

Ek — R37T*Bk+3
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which is a finite complex of locally free sheaves, quasi-isomorphic to
R om(I°,1%)p and by base change, the restriction of E® to a point I® € Npp
computes Exti(I *,I*)p which, by the local to global spectral sequence and
Serre duality, is nonvanishing only for 0 <14 < 3. Finally, we can use the
vanishing cohomologies at degrees less than 0 and greater than 3 and trim
the complex E® [PT09a, Lemma 2.10] (by replacing E? at its ends with the
corresponding kernel and cokernel sheaves) and obtain a 4 term complex of
vector bundles such that

(35) R® >d—isom (B — By — By — F3}.

Now by the above construction, we can see that E*V in (29) satisfies the
conditions of being a deformation-obstruction theory of perfect amplitude
[—2,1]. O

Deformation-obstruction theory of amplitude [—1, 0] over Mypr.

Lemma 4.13. The complex E® in Theorem 4.12 is self-dual in the sense
of [Beh09]. In other words, there exists a quasi-isomorphism of complexes

E* = E*V[1].

Proof. The derived dual of E® over Npr is given by E*Y := R# om(E®, On,.. ).
Use Grothendieck duality and obtain the following isomorphisms:

(36) R om(E®, Om,...)
>~ Rrgrs(RA omx xmpy (R om(I%,1%) @ Twx) [2], 7' On,r))

= R« (RA omx xonpy (R om(1%,1%)0 @ mxwx) [2], Txwx[3])
~ R« RA om(Ox xompr, R om(1°,1°%)[1]) = E*[-1].

Hence we conclude that E®V[1] = E®; The second isomorphism in (36) is
obtained using the fact that X is a Calabi-Yau threefold and wxy = Ox. U

Let 7 : Ngrr — JNpr denote the natural projection map (c.f. Diagram (10)).
Note that as was mentioned in Definition 4.11, the following isomorphism
holds true in Db(‘J‘(HFT)

L. = Z/T* = Qa |ntyer— Q-

Now we study the properties of the pullback of E*V to Nypr.
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Proposition 4.14. LetU = [, U be an atlas of affine schemes for Nppr.
Fiz one of the maps q : Uy, — Ngrr. The following isomorphism holds true
in Db (Uy):

(37) Hom(q"Qr, ¢* (7" By, [1])) = Hom(q" Qr, g7 (7" Ly, [1])).-

Hence, in particular it is true that there exists a nontrivial lift go : ¢*Qr —

¢ (7" Eg,., [1])-
Proof. Consider the exact triangle
(38) ¢ (T E*Y) e, q*(m*LY,,.) — Cone(ob,),

induced by pulling back the deformation-obstruction theory in Theorem 4.12
via moq: Uy — Npr. Note that Q= (gl,-(C))Y @ Omyypr- Hence, ¢*Q, &
(al,(C))Y ® Opy.. Now apply Hom®(¢*Q,,) to the exact triangle (38) and
obtain

(39) Hom(¢* 2, Cone(obl,)) — Hom®(¢*Qyr, ¢* (7*E*V)[1])
— Hom"(¢*Qr, ¢* (7*L°)[1])
— Hom"(¢*Qr, Cone(obL)[1]).
We prove the statement of the proposition by showing that

(40) Hom(¢*Q;, Cone(obl)) = 0 = Hom’(¢*Q, Cone(obl, )[1]).

To prove (40), we will use the fact that by construction ¢*Q, = (gl,-(C))" ®
Oy, Therefore, our proof reduces to showing that

1

(41) Hom’(Oy,, , Cone(ob’,)[1]) = 0,

for 1 =1,0. In order to prove (41), first we will show that the complex
Cone(ob!,) has no cohomologies in degrees greater than —1. For this, consider
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the long exact sequence of cohomology induced by the exact triangle (38):

(42) 0 — h3 (g r*E")) — h=3(g*(r*L")) — h™~*(Cone(ob},))
= 0% (¢"(7"E*)) — h=2(g*(m*L"]) — h~?(Cone(od},))
— b7 (g"(T"E*)) — h™! (¢ (7"L*)) — h™Y(Cenctal!,))
“(7"L*)) — h%(Cenefal,)]
mL*)) — h!(Cenetot],])
— h2 (g m* —)W—) 0,

where we have used the fact that ¢*(7*LL®) and ¢*(7*E®Y) are perfect com-
plexes of amplitudes [—1,1] and [—2, 1] respectively, and h’(obl,) is an iso-
morphism for ¢ = 0,1 and a surjection for ¢ = —1. Hence, we conclude that
Cone(ob?,)) only has cohomologies on degrees —2 and —3 and so, we can
replace the complex Cone(ob,) with a representative complex A*® such that
A¥ =0 for k> —1. Therefore, the proof of (41) follows by showing that
Hom?(Oy, A®[l]) =0 for all [ > 0.

Now use the general fact that given complexes 7 and F, in order to com-
pute the Grothendieck hypercohomolgy Hom®(7,F), one replaces F with
its injective resolution F — K°®. Moreover replacing F with K*® is equivalent
with replacing 7 with P® such that P®* — 7 is a projective resolution. On
the other hand, locally over U,, Oy, is given as a free and in particular
projective module hence its projective resolution consists of one term only
and we can use Oy, itself, instead of the complex P°®. Now it is seen that,
Hom?(Oy, A®[l]) = 0 since Oy, is a flasque sheaf sitting in degree zero. This
proves the isomorphism (41), which implies the isomorphism (40), which
proves the statement of Proposition 4.14. O

Theorem 4.15. Consider the 4-term deformation-obstruction theory E*V
of perfect amplitude [—2,1] over Npp. Locally in the Zariski topology over
Nypr there exists a perfect two-term deformation-obstruction theory of per-
fect amplitude [—1,0] which is obtained from the suitable local truncation of
the pullback 7*E*Y via the map m : Nypr — Npr.

Proof. We prove this theorem by cohomologically truncating the 4-term
complex 7*E®*Y on right side and then left side; By Theorem 4.12, E*V ob,
L%, is a perfect deformation-obstruction theory of amplitude [-2,1] for
Npr, such that h(ob), h!(ob) are isomorphisms and h~'(ob) is an epimor-
phism. Let ¢ : Uy, — Nypr and ¢’ : Uz — NurT be given as fixed affine charts
over Nypr such that the isomorphism in Proposition 4.14 holds true over
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Uy and Ug. Let fo Uy Xgug Ug — Uy and fg : Uy Xgxq Ug — Ug be the
corresponding projection to U, and Ug. Then

Hom®(£5(¢"Qr, ¢" (7"E*¥)[1])) = Hom" (f5(¢"Qr, ¢" (w"L*Y) [1])).

Moreover, the same statement is true for f, and ¢ replaced by fz and ¢'.

Because 9pgp is a quasi-projective scheme, then an intersection of affine
subschemes of p is affine, which implies that Proposition 4.14 holds true
over Uy X gxq Up also. Now fix U,. By the local existence of the map g, in
Proposition 4.14, there exists a commutative diagram over U,,:

7*E*Y |y, —— Cone(ga)[—1] — O |, e, 7*E*V[1] |, —— Cone(ga)
| 7 (0b) |, Lot id| [ 7*ob[1] |y, |

Ly e —— Loy e —— Q l, — 7 LG, [ ., — L, (1] s -

(43)
Now we show that the map ob’ : Cone(ga)[—1] — LL§; [y, defines a perfect
3-term deformation-obstruction theory of amplitude [—2,0] for Nypr over
Uy.

We show that Cone(g)[—1] is concentrated in degrees —2, —1 and 0.
Moreover, h°(ob’) is an isomorphism and h~!(ob’) is an epimorphism. The
proof uses the long exact sequence of cohomologies. For h~!(ob’) one obtains:

~

0 —— B Y@ E*Y |i.) =2 7*h LB [1,) —— h~(Cone(ga)[—1]) — 0

l L7 (h ™t (ob)) ~ A= (ob') l

0 — h M (m* LS., ) = 7R (LS, ) —— B (L., ) —— 0,

(44)
where the top horizontal isomorphism is due to the fact that
Cone(gy)[~1]: m*E2 5 *E~! 5 "' © Q, — 7" E!,

where E correspond to the terms of the complex E®V |,.. The vanishings
on the left and right of the top and bottom rows of (44) are due to the
fact that € is a sheaf concentrated in degree zero. By Theorem 4.12, the
second vertical map (from left) is a surjection and by commutativity of the
diagram (44) the map h~!(ob') is surjective. In degrees 0 and 1 one obtains:

0 — 7*hO(E*Y Jy.) — h%(Cone(ga)[~1]) = Qu |, — 7*hY(E®Y |1,) — hi(Cone(g)[-1]) = 0

l Jﬂ*ho(ob) loc. lho(ob/) lid lﬂ’*hl(ob) |ua. Jhl(ob’)

0 Ly, ) — WL 1) — D bty = 70 (L, bey) — b (L i) — 0.

(45)
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In this diagram, h' (LY, |u.) = 0 since over Nypr the truncated cotangent
complex does not have cohomology in degree 1. Moreover, 7*h!(ob) |y, is
an isomorphism by Theorem 4.12. Hence h'(ob’) = 0. Moreover by Theo-
rem 4.12, 7*h°(ob) is an isomorphism, hence by the commutativity of the
diagram (45), h°(ob') is an isomorphism.

Now in order to obtain a perfect deformation-obstruction theory of am-
plitude [—1, 0], one needs to truncate the complex Cone(g,)[—1] on the left
side, so that it does not have any cohomology in degree —2. The self-duality

of E® gives a diagram of morphisms in the derived category:

~

E* — E*V[1] —— Cone(ga)
v| g-isom
9o |
Tr u, [1]

(46)
and we need to show that the natural map
(47) Horn%(ua)(Cone(ga),T7r l, [1]) — Hom%(ua)(E',Tw e, [1])

is an isomorphism. .

Note that U, is affine and Ty |, [1] = Oglm(g)[l], so the statement re-
duces to knowing that h'(Cone(gy)¥) — h!'(E®Y) is an isomorphism. This
follows, since E*V[1] — Cone(g,) is an isomorphism on h™! as shown in di-
agram (44).

By the isomorphism (47), it is now seen that the map g2 in diagram (46)
factors through the map

Cone(ga) = Tr |0, [1]

which is unique up to homotopy. We make a choice of such lift, shift the
degrees by —1 and denote the resulting map by gfxv. So we get an exact
triangle

(48) Cone(g;v)[—l] — Cone(gq)[—1] % Tr |u,— Cone(g’oév).

By this construction, we are now ready to define our “two-fold” truncated
complex as

(49) G* |u,:= Cone(gl,")[~1]

In order to finish the proof of Theorem 4.15, we need show that the complex
G* |y, in (49) defines a perfect deformation-obstruction theory of amplitude
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[-1,0] for U,. By Theorem 4.12, the complex 7*E®¥ is given by a 4-term
complex of vector bundles of amplitude [—2, 1] as follows

o*E |y :=m*E? 5 m*E! 5 7*E° - r*EL
Then, it is seen that by construction

_o d — d
Gl =mE 2 S E T, [y — 7 E°® Q |y, > 7B,

which means G*® |;;, has no cohomologies in degree —2 and 1, however its
cohomologies in degrees —1 and 0 are the same as that of Cone(g,)[—1]!.
In other words, the G* |/, is the truncation of Cone(gy)[—1] on degree —2
and it can be seen that in the following commutative diagram, the top row

is quasi-isomorphic to the bottom row?:

/
T2 4>d TE e Ty ly, —— mE°® Qr |u, 4>d ™F
! L | |
00— Coker(d Ker(d 0
0 (@) (@ |

1

Now the composition of morphisms ¢ := G*® [, — Cone(g)[—1] — L& |u.,

together with the fact that by diagrams (44) and (45), h?(ol') is an isomor-

phism and h~!(ob') is an epimorphism, shows that the morphism G* ]uaﬁ

L%, lu. satisfies the condition of being a deformation-obstruction theory,
i.e we have that h?(¢) is an isomorphism and h~'(¢) is an epimorphism. [

4.1. Construction of virtual fundamental class

Followed by the constructions in [BF97, Definition 3.7], in order to construct
the virtual fundamental class, one needs to choose a local embedding over
the moduli stack. Then one constructs the normal cone associated to a per-
fect local deformation-obstruction theory of amplitude [—1, 0] over this local
embedding and proves that this normal cone is independent of the local em-
bedding, i.e it remains invariant under the base change. The base-change
invariance enables one to glue the local normal cones constructed over each

!Note that the —1 and 0 cohomologies of Cone(g,)[—1] themselves, are equal to
—1 and 0 cohomologies of 7*E*Y [, by diagrams (44) and (45).

2Note that by self-symmetry of E*Y the morphism d’ in diagram (50) is the dual
of the morphism d. Therefore, since Ker(d) is locally free then it is implied that
Coker(d') is also locally free.
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local embedding, and obtain a global cone stack. Essentially a global virtual
fundamental class is constructible from a global normal cone stack.

For us, the gluability of the so-called local normal cone stacks depends
on whether the local deformation-obstruction theories over each chart satisfy
the condition of being given as a “semi-perfect obstruction theory” in the
sense of Chang-Li [CL11]|. However, we realize that the latter is achievable
only if we assume a technical condition (c.f. Assumption 4.21).

We will see later in Part I that this assumption is satisfied automatically,
over the torus fixed loci of the moduli space, when we study highly frozen
triples over a toric variety (c.f. Section 5).

Definition 4.16. [CL11, Definition 2.5] Let ¢ : T — T” be a closed sub-
scheme with T local Artinian. Let Z be the ideal sheaf of T in T" and let
m be the ideal sheaf of the closed point of T". We call ¢ a small extension if
Z-m = 0. Now Let M be an Artin stack and X — M a representable mor-
phism of a DM stack to an Artin stack. Let & = [ [, Uaeca be a DM cover of
X by affine schemes. Consider U, — M for some o € A. Consider a small
extension (7,7,Z,m) that fits into a commutative square

r—2 .,
¢l l
T M

(51) ,

so that the image of g contains a closed point p € U,,. Finding a morphism
g : T — U, that commutes with the arrows in (51) is called “infinitesimal
lifting problem of U,/ M at p”.

Definition 4.17. Given a U — M, let ¢ : G}, — LZ{/M be a perfect ob-

struction theory. For the infinitesimal lifting problem in Definition 4.16 we
call the image

(52) ob(¢,g,T,T") := h'(¢")(w(9, T, T")) € Ext'(¢°Gf;, I) = Ob(¢,p) ® T
the obstruction class (of ¢) to the lifting problem.

Definition 4.18. [CL11, Definition 2.9] Given two (local) deformation-
obstruction theories ¢ : Gf; — Ly, and ¢ Gy — Ly, Jam over U as in Def-
inition 4.17, we call them v-equivalent if there exists an isomorphism of
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sheaves:
(53) ¢ h'(GY) — h'(GY)

so that for every closed point p € U, and any infinitesimal lifting problem
of Uy /M at p (as in Definition 4.16) we have

w ’p (Ob(¢7 9, T7 T/)) = 0b(¢/7 9, T7 T/) < Ob((b/?p) ®k 7.
Let Uy, Ug C Nurt be given as two charts with the lifting property as in
Proposition 4.14. Let ¢, : G5, — H“ZtQ/M and ¢g: G — LZ@/M' Moreover,
let Unp = Ua NUB, fo 1 Uap — Uy and fg : Uag — Up.

Proposition 4.19. Let fi¢o and fgqbg denote the pullback of ¢o and ¢g
to Ung. Then froq and fg(;ﬁg are v-equivalent over Uyg.

Proof. We have to show that given a diagram

Jo
T ’ Unp
2 |
T’ NurT

(54) ;

[

there exists a map v : h!'(f:G2Y) — hl(ngZgV) such that given a class
ob(fidas gap, T, T') € hl(f;(ngHFT l.)Y) (Look at diagram (54)) and for
every point p € U,z we have

¢ |I7 Ob(f;qSCu Jap T7 T,) = Ob(fggbﬁa Jas, Ta T/)

Apply the result of Proposition 4.14 to U, and Uz and obtain unique iso-
morphisms as in (37) over U, and Ug. Now use the fact that U, is affine
and pull back the obtained isomorphisms via f, and fg to U,s and obtain
a unique isomorphism

Hom(Qr [ur, 5, B 5) = Hom(Qr [uy, . 15)-

Now by the uniqueness property, there exists an isomorphism in Db(uag)
given by

Kap * falEo — f3ES.
By assumption, U, and Up are given as charts with lifting property (c.f.
Theorem 4.15), hence there exists lifts Hom (€ |or,, ES[1]) and Hom (2 [y,
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,E3[1]) given by ga : Qr [t — E3[1] and gg : Qr |0, — E3[1] over Uy and Up
respectively Now consider the pullbacks fiQxr |10, [—1] = fEE and fEQx |1,

[—1] — fAE%, and note that by Proposition 4.14, f3ga and f5gs are homo-
topic to each other over U, and satisfy the equation:

foga — f;g,g =dohag+hagod,

where h,g is given as a choice of homotopy. Now take the cone of f3g, and
f395 and obtain the following commutative diagram:

Jada

Cone(f390)[—1] ——— faQx [u, —— fAE&[1] ——— Cone(f39a)
[Jasl-1] lid i lid [T

55y ComeU30s) (1) ——— f30%e by ——— J3E3] —— Cone(f3g9)
id  hag . .

where J,g 1= 0 id /- Since the first and the second rows in dia-

gram (55) are given by exact triangles, one computes the long exact sequence
of cohomologies and obtains the following commutative diagram:

S W (3 |, [-1]) —— B(f3ES) —— h'(Cone(f3ga))[~ 1]
lid lid [0 (Jap) [~

s6) T W (f5Q [, [-1]) —— hi(f3ES) —— hi(Cone(f3g5))[— 1]

Now use [ea87, Proposition 4.10] and conclude that the left, middle and right
squares in (56) are commutative square diagrams for all i. By computing the
cohomologies in the level of ¢ = —1 one obtains:

0 —— b (B —— b (Cone(fg0)[-1) ——
lid ~ lh_( )5[ 1])

4>07

0— hfl(fEIE;j) hfl(Cone(fﬂggf)X

(57) P2

where the vanishings on the ends are due to the fact that W (£ . [-1]) =
0 and h'(f3Qr [y, [—1]) =0 for i = —1,0. Hence, we conclude that by
commutativity of the middle square, hfl(Ja/B[—l]) is an isomorphism of
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cohomologies and moreover, given any v € h™!(Cone(f g, )[—1]):
(58) idopyt(v) = pyt o™ (Jag[-1)) ().
Note that given a choice of homotopy hXﬂ satisfying

faga — f395 = dohg + hag o d,

and via restriction of the exact triangle in (48) to Uyg, similar to the above
procedure, we obtain a commutative diagram:

* oV
Cone(f2gY)[~1] —— Cone(f2ga)[~1] 2222 £2T, . —— Cone(fzgY)
J\/ —1 o . J\/

(59) Cone(f3g5)[—1] —— Come(f}gp)[~1] —— f5Tx [u, — Cone(f3g4),

and so similarly, we obtain a commutative diagram induced by the long
exact sequences of cohomologies:

h'(Cone(f394)[~1]) = h'(Cone(f%ga)[~1]) = b'(fiTx |u4,) — h'(Cone(f%g.)
[0 [Wtast-) [ [z
(60) hi(Cone(fggg)[—l]) — hi(Cone(fggg)[—l]) — h"(fET7T lus) — hi(Cone(fggg),

Now use [ea87, Proposition 4.10] and conclude that the left, middle and right
squares in (56) are commutative square diagrams for all ¢ and in particular
for i = —1:

0 — 1™ (Cone( f1)[~1)) b (Cone(fzg0) 1)) — 0 — b~ (Cone( /35
[t [pasb o [r)
1) O b (Conel3g)l-1) < W(Conelfga)l-1]) — 0 — b7 (Cone( ).

Hence by commutativity of the left square, and the fact that h™(J,s[—1])
is an isomorphism, then hfl(J;/ﬂ[—l]) is an isomorphism and moreover, for

any g € h™!(Cone(f*gY)[~1]) we have:

(62) W™ (Jap[=1]) 0 @1 (k) = g2 0 b (Js[=1]) ().
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Now take an element g€ h™!(Cone(f*gY)[—1]) and note that by (58) and (62)
we have:

(63) ido pyt oh ™ (Jag[—1]) 0 g1 ()
=p3 ' oh T (Jag[-1]) 0 g2 o (S Y[~ 1]) (1)

Moreover, L§; —— and L§ — satisfy the condition that h_l(ILQQHFT) =
h_l(]LgtFT). Hence, one easily observes that there exist maps A; : h™}(f*E2)
= (3L, ) and Ao W™ (f5ES) — h ' (f5(L;,,.., l,)) such that

| ‘J'IH%:T mHFT
the following diagram commutes:

—1/ pxpe )\1 —1/px(T @
h (faEa) ——h (fa(I[‘O’tHFT |UQ))
ildl Ay X id |
Now by (64) and (63) it is seen that given u € h™(Cone(f gY)[~1]), we
obtain an identity

(65) ido A oido pytoh ™ (Jas[—1]) 0 q1(p)
= N oidopy ! oh ™ (Jag[—=1]) 0 g2 0 ™ (JY5[—1]) (1)

Let ¢V :=idopy o h ™ (Jus[—1]) 0 g2 0 hfl(JC\M/B[—l]). So far we have seen
that in the level of h™! cohomology there exists a map

¥ hY(Cone(fg2)[~1]) = h™*(Cone(fg)[~1])

«

such that Ao o Im(¢)V) = Im(\q).

Recall that by our notation, G, := Cone(g))[—1] and G*® |y,:=
Cone(gg)[—l]. Now dualize the construction and conclude that there exists
a map ¢ : h'(f:G2Y) =N hl(fEG;jV), such that given a class ob(f%da, gas,
T,T'") € h'(fx(L3 u,)") (c.f. Diagram (54)) and for every point p € Uy

Nurr
we have
¢ ‘p Ob(f(;gbon 9ap, T7 T/) = Ob(fEQﬁ/j, Jap, T7 T/)
This finishes the proof of Proposition 4.19. U

Definition 4.20. [CL11, Definition 3.1]. Let X be a DM stack of finite
type over an Artin stack M. A semi perfect obstruction theory over X — M
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consists of an étale covering U = [[ 5 Ua of X by schemes, and a truncated
perfect relative obstruction theory

¢O¢ N G; — LZ{Q/M
for each o € A such that

1) for each o, 8 in A there is an isomorphism

Yag : W' (G fu.,) = D (GE |,

so that the collection (h'(G2Y), 1as) forms a descent datum of sheaves.

2) For any pair a, 3 € A the obstruction theories ¢4 1r,, and ¢g [y, are
v-equivalent.

The condition (1) above, that the v-equivalences we have constructed induce
a descent datum of sheaves on h!, requires that we carefully choose homo-
topies hqpg and hx 5 0n Uqp so that the induced composite quasi-isomorphisms
Pya © 1Py © YPap induce the identity maps on ht.

For now let us make the following assumption:

Assumption 4.21. The homotopies hag and hgﬁ can be chosen so that the
collection of data (h*(G&Y),ap) forms a descent datum of sheaves.

Theorem 4.22. Assuming the technical condition 4.21, the local
deformation-obstruction theory in Theorem 4.15 satisfies the conditions of
being a semi perfect deformation-obstruction theory in the sense of [CL11,
Definition 3.1] and hence, it defines a globally well-behaved virtual funda-
mental class over Nypr.

Proof. We need to show that both conditions in Definition 4.20 are satisfied.
For part (2) of Definition 4.20, apply Proposition 4.19 and conclude that
ba u.,= fada and ¢g |y, ,= f3¢p are v-equivalent. To prove part (1), first
apply Proposition 4.19 and obtain the map

Yag WG ) = 0GE )
Now by Assumption 4.21, (h*(G%"),v4s) forms a descent datum. O

Remark 4.23. Making Assumption 4.21 should, morally speaking, be un-
necessary over more enhanced models of the moduli stacks. The local models
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G?, can always be glued, up to higher homotopies, and thus should always
give an oco-stack in which the virtual normal cone lives. This can be seen in
[Wis12] and [Wis11]. Another relevant discussion is by Schiirg et al. [STV11]
who study the advantage of using higher stacks in order to construct the vir-
tual fundamental classes in more generality. We expect that in the future a
good intersection theory for co-stacks would allow us to construct a virtual
cycle using this co-stack. Such a construction is beyond the scope of the
present article, however.

Remark 4.24. Assumption 4.21 holds true in the setting of Part IT when
the base variety X is chosen to be a toric variety (see Lemma 5.9). This is
due to the fact that the torus equivariant highly frozen triples are identifiable
with r copies of torus equivariant PT pairs (c.f. Proposition 5.5). Moreover,
in Part II a direct calculation of equivariant vertex for highly frozen triples
is carried out and the result is shown to match precisely with the equivariant
vertex associated to r copies of (twisted) PT deformation-obstruction theory.

5. Part II (Calculations)

Let X be given as a toric variety with an action of T = C*3. Consider the
ample line bundle over X given by Ox(1). By the usual arguments, and
similar to the theory of stable pairs [PT09a], the action of T on X induces
an action on Mypr;

Proposition 5.1. (Geometric torus action) Let X be given as a nonsingu-
lar toric threefold. Let T be the (C*)3 action on X. Having fized an equiv-
ariant structure on Ox (1), there exists an induced action of T on moduli
stack of stable highly frozen triples mT : T x Nupr — Nupr given by pre-
composing the pullback (via the action of T on X ) of triples with the inverse
of the isomorphism 1.

Proof. The proof is essentially followed by applying the strategy of [Kooll,
Proposition 4.1] to the highly frozen triples. In other words, considering the
highly frozen triples (E, F, ¢,1), the action of T induces an action (given
by the pullback) on the moduli spaces of sheaves associated to E and F' and
this action respects the morphism E — F after pre-composing the pull back
t*E — t*F with the isomorphism ¢~ : E — t*E for all t € T. O
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Proposition 5.2. Let S be a parametrizing scheme of finite type over C.
Let (€, F,p,1)s denote a family of stable highly frozen triples over S. Sup-
pose that for allt = (A1, A2, A3) € T we have t*((E, F, d,¢)s) = (€, F, d,0)s,
then (€, F,¢,1)s admits a T-equivariant structure.

Proof. We give an adaptation of the proof given in [Nev02, Lemma 3.3] to our
case. By assumption for any ¢ € T one has t*((€, F, ¢,¢)s = (€, F,0,1)s.
Let 0 : T x X — X denote the torus action on X and m : T x X — X be
the projection onto the second factor. Let ¢ : X x S — S be the projection
onto S. One needs to show that there exists a map:
(66)

E EXt?dTXq((T('Q X idg)* (&€, F, d,0)s, (o x idg)*(E, F, ¢, 1)s) = Orxs,

which is an isomorphism of line bundles over T x S. Here

Extl; (12 X ids)* (€, F, 6,¥)s, (0 x ids)* (£, F, 6,%)s)
(67)
= Ro(q X idT)*(%Om((ﬂg X ids)*(g,]:, gﬁ,lﬂ)s, (U X ids)*(g,./.", (25, ’(/1)3))

By definition of DMgpr, choosing a family of stable highly frozen triples over
S is equivalent to choosing a unique map S — NMygpr. Since (o x idg)*(E, F,
¢,)s and (mg x idg)*(E, F, ¢, 1)s are two families over MNypr, they both
define maps f: T x S — Jygpr and g : T x S — Ny respectively. By the
uniqueness property, both maps are uniquely isomorphic to each other. On
the other hand by Lemma 3.6 the complexes representing 7’-stable highly
frozen triples are simple objects hence:

(68) Exty o ((m2 X idg)* (€, F, ¢,9)s, (0 x ids)* (£, F, ¢, ¢)s)
= EXt?deq«g:fv ¢7¢)T><Sa (57‘;7 ¢a ¢)T><S) = OTXS'

Now the inverse image of 1 € Oryg via the map p in (66) gives a section of

EXt?dTXq((g7 ]:a ¢7 w)TXSU (57 fv ¢a 77/))T><S)

which induces a section of

EXt?dTXq((WQ X idS’)*(g?fa o, ¢)Sa (J X idS)*(57f7 ¢ﬂ/’)s)

which induces a morphism (7o xidg)*(E, F, ¢, v)s— (o xidg)* (€, F, ¢, ¥)s.
Moreover, it can be checked that this morphism is an isomorphism for every
point in the moduli scheme of stable highly frozen triples. Therefore, it is
an isomorphism everywhere and this finishes the proof. U
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Definition 5.3. (Non-geometric torus action) Define an action o : Ty X
Nurr — Ngrr where Ty = (C*)", and o acts on Nppr by rescaling in
components of Ox (—n)®".

Proposition 5.4. Let S be a parametrizing scheme of finite type over C.
Let (€, F,¢,1)s denote a family of stable highly frozen triples over S. Sup-
pose that for all to = (21,...,2.) € To, oo(to, (E,F,p,10)s) = (E,F,0,10)s.
Then (E,F,¢,9)s admits a Typ-equivariant structure:

06(57‘F7¢7¢)5 gﬁ§(€7~ra¢a¢)57

where pg : Ty X Ngrpr — Nupr is the projection onto the second factor.

Proof. Apply the proof of Proposition 5.2 to Ty and the universal family
(E, T, ¢,1) and use the simpleness property of stable highly frozen triples.
]

Now use the notation 7 := T x T.

Proposition 5.5. A T -equivariant stable highly frozen triple is decompos-
able into r copies of T-equivariant highly frozen triples of rank 1, Ox(—n);
24 F;,1 < i <. In other words the T -equivariant highly frozen triples sat-
isfy the following identity:

(69) 07 (-n) 5 FIT = @ [0x(-n) % B
i=1

Proof. By Proposition 5.4, the action of Ty on a point p € Mypr induces a
To-weight decomposition on OF"(—n). Let (w1, ..., w,) denote the r-tuple
of weights. In fact w; for 1 <+¢ < r are given by r tuples

(1,0,...,0),(0,1,...,0),...,(0,...,0,1).

Now let M be the module associated to the sheaf OF"(—n), and denote by
M the module associated to the sheaf Oy (—n). The graded piece of M7
which sits in w; weight-space is given by the module 0 ® --- & M@ --- @ 0,
where MY sits in the 4’th position which we denote by M?. Moreover observe
that, under the action of T, we obtain a T-graded weight decomposition of
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MiO itself, given as

M= P M)(mi,ma, ms)

(m17m27m3)

Therefore, the T-weight decomposition of M7 is given by

(70) MT = é @ Mlp(ml,mg,mg)
=1

(mumz,mg)

which means that, sheaf theoretically, the following 7T -equivariant isomor-
phism holds true

0% (=) = P 0% (—n).
i=1

Now apply the same argument as above to F' and use the property of mor-
phisms between two graded sheaves of modules (c.f. [GP11]) to see that F
will have a T-weight decomposition compatible to that of OF"(—n) and this
proves the statement of Proposition 5.5. 0

Remark 5.6. By Proposition 5.5 the 7/-stable highly frozen triple on left
hand side of isomorphism (69) satisfies the condition of having zero dimen-
sional cockerel. Therefore, the cockerel sheaf induced by the right hand side
of (69) is also zero dimensional, which means the r-fold sum of the highly
frozen triples of rank 1 appearing on the right hand side of (69) is stable in
the sense of Lemma 2.8.

Note that by Lemma 2.7, our notion of 7’-stability condition in
Lemma 2.7 is obtained as the ¢(m) — oo limit of Le Potier’s notion of poly-
nomial stability condition with strict inequality (c.f. Equation (8)). There-
fore, we have avoided the strictly semistable objects in our construction.
Moreover, the only automorphisms of our higher rank objects on both sides
of isomorphism (69) are given by identity. In order to see this, replace F
with @_, F; in Lemma 3.6.

Lemma 5.7. Consider the right hand side of T -equivariant isomorphism
(69). Then it is true that each s; = OL(—n) — FT satisfies PT stability
condition.
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Proof. We show that Coker(s;) has zero dimensional support. Given a T-
graded morphism in the sense of Proposition 5.5

S1,e.058

OF(-n)®- - & 0% (—n) 22 Pl g ..o FT,

let Q... := Coker(sy,...,s,). Moreover, let @); := Coker(s;). Now let Q :=
Coker(s) be the cokernel sheaf induced by the left hand side of isomor-
phism (69). It is then true by Proposition 5.5 that

Q gT Ql,...,ra
which implies that
Supp(Q) = | Supp(Q:)-
i=1

Now assume that there exists some @; for which d; := dim(Supp(Q;)) > 1,
then we get a contradiction with Q, being zero-dimensional, which contra-
dicts the stability of [OF"(—n) = F]7. Therefore, d; =0 for all 1 <i <r
which, together with Remark 2.8, proves the statement. O

Proposition 5.8. Let Q denote a T-fized component of Ngpr. The fol-
lowing quasi-isomorphism holds true over Db(Q)

G* = P(ER7)
i=1

where E},; is the T-fixed PT deformation-obstruction theory of perfect am-
plitude [—1,0].

Proof. Let ¢ : Q — NMypr denote a natural embedding of a T-fixed compo-
nent of Nypr. By Proposition 5.5 over Q we have

,
0% (—n) = FIT =2 P [0x(—n) —» FT.
i=1
Now let U =[], U be an atlas of affine schemes for Q. Then apply Propo-
sition 5.5 to the universal object I* € Db (X x Nygpr) and conclude that

VRAom (1%, 1) Ju, xx = @D RAom(ITT 1T,
i=1
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where
19" =[Oy, xx(—n) = FT

is the universal T-equivariant PT stable pair.

Now by construction in Theorem 4.12 obtain that (*E®|;,. is given by a
4 term complex of vector bundles with h™2(:*E®|;,.) = (G,,)" ® Oy, . Then,
by construction in Theorem 4.15 and Diagram (50) we can immediately see
that

h= (¥ G|y, @Et 1T 19Ty and

(e Ne'

(*G®|y @Ext T 10T,

za’ 7,

In other words we have the quasi-isomorphism in D°({4,,):

T

(71) UGy, = PEST) -

i=1

Now it is immediately seen that the local isomorphisms (71) glue to each
other globally over Q. 0

Lemma 5.9. Assumption 4.21 in Part I holds true over Q.

Proof. Use Proposition 5.5 and Proposition 5.8 and obtain that :*G® over Q
is given by r copies of T-fixed PT deformation-obstruction theory of perfect
amplitude [—1,0]. Now by construction of Chang-Li [CL11, Definition 3.1]
we know that a perfect obstruction theory is also semi-perfect which means

that Assumption 4.21 is automatically satisfied for the restricted complex
t*G* globally over Q. O

5.1. The threefold equivariant vertex for HFT

In this section let us assume X is given as toric Calabi-Yau threefold with
the action T. Following Proposition 5.5, the identification of the highly
frozen triples of type (r, Pp) with r-fold copies of PT stable pairs makes
it easy to see that the T-fixed components of the moduli stack of highly
frozen triples are obtained as r-fold product of T-fixed components of the
moduli stack of stable pairs, which are conjectured by Pandharipande and
Thomas in [PT09a, Conjecture 2] to be nonsingular and compact. Let Q
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denote the T-fixed locus of Nygpr. We assume that Q is nonsingular, con-
nected and compact. Let 1q : Q < Dygpr denote the natural embedding. Let
Gg = (1@)*G® where G* is the deformation-obstruction theory obtained
in Theorem 4.15. Let G:Q’T and (G:Q’m denote the sub-bundles of Gg with
zero and nonzero characters respectively. By Theorem 4.15; the T-fixed
deformation-obstruction theory restricted to Q is given by a map of per-
fect complexes:

o T °
(72) Gy S Ly,

Here G:Q’T is represented by a two term complex of vector bundles Gél’T —
G%T. By the virtual localization formula [GP99]:

(73) [mHFT}UiTz 3 LQ*CEZEQ%[Q]W)

QCNurr 0,Q

Where GB‘?Q and G‘{"“Q denote the dual of G%m and Gél’m respectively.
Now we rewrite (73) with respect to the Euler classes e(G1,q) and e(Go,q)
where Gy q and G,q denote the dual of G?Q and Gal respectively. In or-
der to do so, we use the description of the virtual tangent space with re-
spect to the T-fixed deformation-obstruction theory. If Q is assumed to be
nonsingular, then ]L:Q := 0 — Qq. The T-fixed deformation-obstruction the-

ory (72) induces a composite morphism G(_Ql’T — G%’T 2 Q0q. The kernel
of this composite morphism is the obstruction bundle K and by definition
[Q]Y" = e(KY) N [Q]. The K-theory class of K" is given as follows:

(74) KY] = [G]q] ~ [G{q] + [Tal.

where GOTQ and GZ—Q denote the dual of G%T and Gél’T respectively. There-
fore one has:

e(GIQ)
e(GOT7Q)

By (73) and (75) the virtual fundamental class of Mypr is obtained as

(76) {mHFT]W: > LQ*C&:Zi.e(TQ)m[Q]).

QCNurT

(75) e(KY) =

. e(Tq).
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Now we compute the difference [Goq] — [G1,q] in the T-equivariant K-
theory of Q. Consider a point p € Q represented by the complex I*7 :=
[0F"(—n) — F]7. The difference [Go q] — [G1,q] over this point is the vir-
tual tangent space at this point. We use the quasi isomorphism in dia-
gram (50) to compute the virtual tangent space:

(77) T2 = [Coker(d')] — [Ker(d)]
= ([**B") — ("B + [r* B - [ B 7)) + ([T - [91)

where E° for i = —1,...,2 are described in (35), and the cancellation on the
right hand side of (77) is due to isomorphism of Q. and T}, which is seen
from their triviality. Now since the point p € Q is represented by I*7, the
following identities hold true:

3
(78) T2 =3 (=1 [Bxt' (17, 1*7)o] = [X(Ox, Ox)] = [x(1*7, 1°T)].
i=0
5.1.1. Computation of [x(Ox,Ox)] — [x(I®,I*®)]. Using Cech coho-
mology with respect to an affine open cover |J, Uy — Nupr we obtain:

3
X(I°1%) = > (1) (Ext/(1°,1°))  and
1,j=0
3
X(Ox,0x) = Y (~1)H ¢ (Ext! (Ox, Ox)).
i,j=0

By definition, the sheaf I’ appearing in the stable highly frozen triples is pure
of dimension 1. Therefore, the restriction of F' over the triple and quadruple
intersections of U,’s vanishes and over such intersections I* = O¢"(—n).

Definition 5.10. Define:

Ti = B [ 2°Ua, Ox) = > (=11 Un, Ext?(1°,1°)))

o J

(79) T =P | 2" Uap, Ox) =D (—1)00Uag, Ext? (I°,1%)))
a8 J

7-[?'] = @ (1 = r*)h®Ungy, Ox)) and
a,Byy
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T = @ (1 Ui Ox).
a,B,7,0

By Definition 79 and Equation (78), the virtual tangent space is obtained
as:

(80) Tire) = Tize) = Tty + Tige) = Tz

Now let (t1,t2,t3) be defined as the weights of T. Moreover, let (wy,...,w,)
be defined as weight of the action of T¢. Here w; is given by tuples (0,...,1,

..,0) where 1 is positioned in the i’th position in the tuple; We need to
compute the T-character of ’73} for i=1,...,4 in (80). Choose a Cech
cover U = J, Uy of X. The restriction of each copy of O%(—n) — F¥ to
the underlying supporting curve C, of FiT induces an exact sequence of the
form:

(81) 0= OF (=n) = (F)a = (QF )a =0,

By 7'-stability, the sheaf (F.¥), may be zero and if it is nonzero then the
cokernel (Q;-T)a has to have zero dimensional support. Note that, following
Proposition 5.5 and Lemma 5.7, we have that Q, := @®._,(QF ), where
each (QT), has zero dimensional support. Now we use the strategy similar to
[PT09b, Section 4.4] and [MNOPO6, Section 4.7] to compute the T character
of each summand, (F.T),. Let F;I,‘a denote the T-character of each summand.
Let (P;)a(t1,t2,t3) denote the associated Poincaré polynomial of (I?), :=
(0% (=n) = FF) |4 . The Poincaré polynomial of (I?), is related to the T
character of F; as:

T Cg + (Pi)a
(82) Fia = (1—t1)(1 —t2)(1 —t3)’

where the correction term C7! is the T-character of Ox(—n) which depends
on the choice of the equivariant structure. Now the T-character of F; is given
by:

Cg Cw; + w; - (Pi)a
(1 — tl)(l — tz)(l — t3) ’
The T-character of each try ((I?)a, (I?)a) is given as follows [MNOPO06, Sec-
tion 4.7]:

(83) F/, =w;- Fl, =

° ° Wy w;1 : (Pi)aﬁ)a o (Pi)aﬁ)a
B4) (o @) = T T—1)0 1)~ T 0)( - )1 —1a)’
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The dual bar operation is negation on IC(Q lu.) and t; — + on the equivari-

ant variables #;. Since 157 := @!_,(I"T), the ’T—character of x(I&7, 157
is obtained as a sum:

w;w ()()
(1-—t1)(1-—t2)( —t3)

s
T

(85) tr (157, 157) =

3
1<y

_
AIA
IAIA

Moreover the T-character of Fy, appearing in 157 is given by :

7 e wi-CE Y wi- (Pi)a
(86) kR R T

Now the T-character of the a-summand of ﬁ}.] in (79) is given by:

1-— Zlgigr wiwj_l : (Pi)a(Pj)a
1<5<r

(1 —t1)(1 —t2)(1 —t3) ’

(87)

which using (83), can eventually be written as a function of FZZ:

r w7 r n
1 = FL-O0_ w)-C
(88) trR_X((]]-,T)a,(]IO,T)Q) = FZ ' (Z w] 1) N CS — @ i=1 ? (2
= titats
—= (1 —t1)(1 —to)(1 — ¢
L prET (L= t) (1= t)
t1t2t3
1 - (sz 1 Wiw ) CTLC'n

(I —t)(1— tg)(l —t3)

_l’_

Now we compute the T-character of 7'[?,], T[? and T[I,] Assume that U,z is
the affine patch, over which the equivariant parameter t1 is invertible. Given
=@._, X, let (FF),s denote the restriction of Fi¥ to Uy,g. Let FL ap =
Zk%kge%ﬁ tk2t§3 denote the T-character associated to this restriction (c.f.
[MNOPO06, Equation 4.10]). We have that F/_ of = Dic1 F’ op " Wi
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By the same argument as above, one relates the T-character of af’th
summand of the virtual tangent space 7'[%.] in (79) to Fzﬁ:

, FL (Y w) - O
- T 1 af i=1 " af
(89) trR—x((maﬁ,(H')a/a) = [Faﬂ(z w,; ) gﬁ - tots
j=1
_1 .
LT g (Lot —ty) 1= Qi i) CapCiap) 3(t1)
ap” aB tots (L —12)(1 —13) ’

here C'y5 is a function of n and the correction term that needs to be inserted
into description of the Poincaré polynomial of Ox |y, , in order to obtain
the Poincaré polynomial of Ox(—n) [y, ,. Here, we have used the notation
§(t1) = D ey tF. Now assume Uy, is the affine patch, over which the equiv-
ariant parameters t; and to are invertible. The «, §,v’th summand of 7{;’.]
in (79) is obtained as follows:

T ‘w'—l
) e 7m0 ) s s,

X(A*) oy apy) (1 — t3)

and the T-character of 7'[4.} in (79) is obtained as:

,
(91) T R (1) 05 ) — L Z wiwj_l 0(t1)5(¢2)d(t3)-
ij=1

Based on above discussion, the T-character of the virtual tangent space over
a point is obtained as follows:

(92)  trp—y(i) = Z”R*x«ma,(u')a) - ZWR*X«H')(]E,(PMW
a a7B

+ E :trR_x((I')aﬂ'yx(H')a/ﬂ) o Z trR_xUH‘)w/m’UI'WM>'
a,Byy a,B,7,6

5.1.2. Description of equivariant vertex. The 7 -character of the vir-
tual tangent space in (92) is equal to the addition of vertex contributions
(the first summand on right hand side of (92)) and the remaining edge
contributions. Similar to discussions in [PT09b, Section 4.6], we need to re-
distribute the terms in (88), (89), (90) and (91) so that they become Laurent
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polynomials in the variables t;. Let us define

FZB : (22:1 w;) - 025

(93)  Gap=FL;> w;')-Cy—
j=1

tot3
—1 —n_
LT ot oty) 17 (i jm wiwy ) - CapCas
aB¥ ap tols (1 —1t2)(1 —t3)

then the edge character (89) is written with respect to G, as

G to, 1 G to,t
(04) ap(t2, t3) g1 aB(t2, 3)‘
1—1t 11—t

Gag(ta,ts)

Now we expand ( j— > in ascending powers of t; and expand

tf1%> in descending powers of ¢1. Equation (94) is exactly the same

as [PT09b, Equation (4.11)]. Similarly define

(1- Z;‘:j:l wiwj_l)
(1—t3)

Gapy =

Hence, (90) is rewritten as

Gapy(t3) | ,—1Gapy(ts) 1
(95) ( o th ) T

G t G t 1
+ t2_1 ( Ocﬁv( 3) + tl_l 0467(_?1))) —

Gaﬁ'y (t«i)

- ) in ascending powers of t; and expand

where we expand (

(tfl%‘%gf’)) in descending powers of t;. We follow the same strategy and

expand the first term in (95) in ascending powers of 3 and the second term
in descending powers of t5. Finally let

T
—1
Capro = (1= ) wiwj' |,
iG=1
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and obtain a similar redistribution with respect to the ascending and de-
scending powers of t3. Now for each U, define a new vertex character (com-
pare with [PT09b, Equation 4.12]):

3
Gag, (tir, tir)
(96) Vo = trR_X((H"T)av(H"T)a) + Z 1—t;
i=1

where 1, B2, 83 are the three neighboring vertices and (¢;,t;/, t;yv) = (t1, to, t3).
Moreover redefine the edge character E,3 (compare with [PT09b, Sect. 4.6]):

67 B, _ g1 Gasltats)  Gapltat; ™" 1t ™)
af 1 1— tfl 1 t;l

Here the integers mqz and m/, j are determined by the normal bundle NV, 5/X
to the supporting curve Cop := Supp(Fag) given by: N /x = O(mag) ©
(’)(m;ﬁ). The edge contributions E,g, and E,gys would have a similar de-
scription as above by replacing G,g with Gug, and Gug.s and redistribut-
ing in ascending and descending powers of to and t3 respectively. According
to the above redistributions, the 7-character of the virtual tangent space
in (92) can be rewritten as:

(98) trR—x(]I',]I’) = Z Va + Z Eoz,b’ + Z Ea,B'yé + Z Eaﬁ'y5
« af

afy aBvyé

Definition 5.11. Given a torus fixed component Q¥ of the moduli stack
of highly frozen triples (here k denotes the length of the zero dimensional
cokernel sheaf associated to the highly frozen triples) denote Vg = Yoo Va
where V,, are defined as in (96). By discussions in [PT09b, Section 4.7] one
defines the contribution (to the equivariant 3-fold vertex) of the locus QF
as the evaluation of Ve over QF, ie:

(99) w(QY) = / e(Tqu)e(~ V).

Hence, the equivariant Calabi-Yau vertex associated to the moduli scheme
of highly frozen triples is defined as:

(100) WET =3 w(QF).¢*
k
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5.1.3. Application to local P! and more computations. First we
identify the associated equivariant data of highly frozen triples using a the-
orem of Pandharipande-Thomas [PT09b, Proposition 1.8].

Proposition 5.12. Consider a stable T -equivariant highly frozen triple
T

oY (-n)T o FT of type (r, Pp). Let C be the one dimensional support

of F'. Now consider the finite length T -equivariant cokernel Q given by

Coker(¢)T. Then Q= QT @ --- o QT such that each QT fori=1,...,r

1$ given as a subsheaf of

(101) H = ling (%”om(ml, Oc)/Oc> .
l

In other words, the equivariant data of a stable T -equivariant highly frozen
triple with support curve C is equivalent to the data of a subsheaf of “r”
copies of H in (101).

Proof. Since OY"(—n)T — FT .= @]_, (0T (-n) — FT), each O%(-n) —
FT restricted to the supporting curve of F}, is identified with QT appearing
in 0— OF(-n) - FX - QT — 0 and by [PT09a, Proposition 1.8] Q; is
identified with a subsheaf of the quasi-coherent sheaf hﬂz A om(m!,0c)/Oc.
It is then seen that the cokernel of the original 7T-equivariant highly frozen
triple restricted to C and identified with @@;_, QT is a subsheaf of the direct
sum of r copies of the quasi-coherent sheaf H. O

Now assume that X is given as local P*. We use the combinatorial description
of X, using the 3 dimensional Young tableaux diagrams as in [PT09b, Exam-
ple 4.9]. There exists two affine patches covering X . The partitions associated
to the Newton polyhedron of X on each patch are given as three dimensional
partitions with p; = (1), w2 = (0), u3 = (0) (compare with [PT09b, Example
4.9]).

We compute the 1-legged equivariant vertex WP; g associated to the
moduli scheme of highly frozen triples of type (r, Pr). This computation is
the higher rank analog of the computation in [PT09b, Lemma 5].

Let U,,Up denote affine open charts over the divisors 0, 00 on the base
P! respectively. Let C* act on C* by

t(mo, x1,T9, xg) = (txo, txy, t_lIg, t_laig).

We identify X as a quotient X = (C*\Z)/C* where Z C C* is obtained
by setting xg = x1 = 0. Let ([zo : 1], z2,23) denote the coordinates in X
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where |20 : 21] denote the homogeneous coordinates along the base P! and
x92,r3 denote the fiber coordinates. Locally in the U, and Ug the defining
coordinates are given as (%, x9xo, x320) and (%,1‘21‘1,1‘31’1) respectively.

Now denote the local coordinates over U, by (Z1,Z2,%3) where T =
%, To = TaTg, T3 = x3x9. Let H C X denote the hyperplane obtained as the
fiber of X over 0 € P!, i.e locally in U, by setting #; = 0. Throughout this
calculation we fix the hyperplane H as a choice of equivariant structure on
Ox(1). Now consider the action of T = C? on X where locally over U, is
given by (/\1, )\2, )\3) . i’i = )\1 . :Z’i.

We identify an action of (C*)? on X which preserves the Calabi-Yau
form by considering a subtorus T’ C T such that T/ = {(A1, A2, A\3) € T |
Moz = 1}. Let f1, ..., t3 denote the characters corresponding to the action
of A;. Identify Ox(—1) = Ox(—H). Then, locally over U,, the Poincaré
polynomial of Ox(—n) |y, is obtained as

t
(L—1t1)(1 —t2)(1 —t3)

and moreover, the Poincaré polynomial of Ox(—n) [y, is obtained by:

(1= = (B8))(1 — (Eh))

Note that in this case the correction terms Cy and C in (88) (which depend
on the choice of equivariant structure) are f’f and 1 respectively. Similarly,
the T-character of the Poincaré polynomial of Ox (—n) [i,, is obtained as

<(1 - 52)1(1 — 53)> §(t1).

Here the correction term Cj; in (89) is equal to 1. To compute the contri-
butions in (96) we need to compute the trace characters in (88) over the
two patches « and [ and the edge redistribution in (93). Let Q" denote
the T-fixed component of the moduli scheme of highly frozen triples over
which the highly frozen triples OF"(—n)7 o T satisfy the condition that
I(Coker(¢)7) = k. By (98) the T-equivariant vertex Vi~ is given by
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d1 d2
(102) Vge= Y. ((wfww;l)'(wl-Zf?‘”wz-ZfT”)
=1 =1

d1+d2:k’
L di—1 {i—l—n L dx—1 t~i+n
_(w1+w2)<w1_ . ~l~ +w_ . ~1~>
RN

(compare with [PT09b, Lemma 5]). Now let s; for ¢ =1,2,3 and v; for
7 =1,...,r denote the equivariant parameters corresponding to characters
t; and w; respectively. By the definition of the equivariant vertex in (5.11)
the coefficient of the degree k term in the equivariant vertex in (100) is
obtained by the evaluation of the contribution of Vgr on QF, ie:

(103) w(Qk):/le(TQk)e(VQk)

I [Tj= ((—vj Ty o) + T19 (G +n)s1) — (so + 53)>
dirdo=k | 1= ((vj (=) Ty o) 4+ T (=1)- G+ n)51>

Remark 5.13. Setting v; = vo = 1 in (103) would result in the following
equation:

(104) w(Q") =
I (T (G ms) = (32 + 59) ) (TT525 (G + m)su) = (52 + 53))
drtdamh (T4 (=07 i mhsn ) (T2 D/ 4 s )

Now use the condition on Calabi-Yau torus and set s; + so + s3 = 0. This
is equivalent to ns; — (s2 + s3) = —(n+ 1)(s2 + s3). Now use this fact to
simplify (104) and obtain the 1-legged equivariant vertex over local P! as-
sociated to highly frozen triples:

(n+1)(sa+s3)

(105) Wi = (@495

Remark 5.14. The computation of equivariant vertex for more general
local toric Calabi-Yau threefolds with outgoing partitions < pq, po, g > re-
quires more detailed combinatorial calculations. However, one can compute
the associated partition functions in those general cases if one fully under-
stands the equivariant PT vertex in rank 1. In other words it is seen from
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our calculations that if the PT vertex with respect to the variable ¢ is given

by WX i pipis> = G(q) then the HF'T equivariant vertex is obtained by
W s> = (G@) "D,
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