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Preliminaries

1.1 Givental formalism (Patrick, Feb 01)

1.1.1 Introduction Let X be a smooth projective variety. Then for any g, n € Z>¢, § € Hz(X, Z), there
exists a moduli space ﬁg,n(X ,B) (Givental’s notation is X ,, g) of stable maps f: C — X from genus-g,
n-marked prestable curves to X with f..[C] = B. It is well-known that ﬂg,n(x , B) has a virtual fundamental

class
(Mg, (X, B € As(Mg n(X, B)), 6:fﬁcl(X)+(dimX—S)(l—g)+3.

In addition, there is a universal curve and sections
e <TL> Mg.n(X, ).
In this setup, there are tautological classes
V= c1(0)wr) € H Mg n(X, B).
This allows us to define individual Gromov-Witten invariants by

n
Ty (P Tay (PN 5 = - [Tev¢i-vi.
gnl&, i=1

These invariants satisfy various relations. The first is the string equation:
n
X
(oD Tay (P1)+ Ta, GV i1 5= 2 Tam1 @) [] 7, ()
i=1 J#I gn.B
The next is the dilaton equation:

(MW7 @) Ta, By 141 5= 28 =2+ 1T (1) Ta, (@), 5-

Finally, we have the divisor equation when one insertion is a divisor D € H2(X):

(T0(D)Tay (P1) -+ Ta, (D)) g 1 :( fﬁ D) Ty (@) Ta, @) g

n
+ Y (Ta-1(¢i D) [T 14, @)™
i=1 J#i gn.p

It is often useful to package Gromov-Witten invariants into various generating series.
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Definition 1.1.1. The quantum cohomology QH* (X) of X is defined by the formula

B
(a*;b,c) ::Zg'(a,b,c,t,...,t)gsmﬁ
b 3+

for any t € H*(X). This is a commutative and associative product.

The small quantum cohomology is obtained by setting ¢ = 0 and the ordinary cohomology is obtained
by further setting Q = 0.

Remark 1.1.2. Convergence of the formula does not hold in general, so quantum cohomology needs to be
treated as a formal object.

Definition 1.1.3. Let ¢; be a basis of H*(X) and ¢’ be the dual basis. Then the J-function of X is the
cohomology-valued function

X

p . .
]X(t,z):=z+t+ZZQ—'( ¢ ty...,t) ¢

)
inp M 2TV 0,n+1,8

Definition 1.1.4. The genus-0 GW potential of X is the (formal) function
B
Fr(1=) =) Q—,<t(w),..., LG 0 p-
ﬁ,l’l n. 7

The associativity of the quantum product is equivalent to the PDE
X X X
Zfstﬂbenefgcdf - ngjﬂdenef?bCf
e, e,

for any a, b, ¢, d, which are known as the WDVV equations. Here, we choose coordinates on H*(X) and
set z =0 (only consider primary insertions). In addition, set 77, to be the components of the Poincaré
pairing and let n°/ be the inverse matrix.

1.1.2 Frobenius manifolds A Frobenius manifold can be thought of as a formalization of the
WDVV equations.

Definition 1.1.5. A Frobenius manifold is a complex manifold M with a flat symmetric bilinear form
(—,—) (meaning that the Levi-Civita connection has zero curvature) on T M and a holomorphic system of
(commutative, associative) products *; on T;M satisfying:

1. The unit vector field 1 is flat: V1 = 0;

2. Forany tand a,b,c€ TyM, (a*; b,c) ={a,b*;c);

3. If c(u, v, w) := {u x; v, wy, then the tensor (V,c)(u, v, w) is symmetric in u, v, w,z € Ty M.
If there exists a vector field E such that VVE = 0 and complex number d such that:

1. VVE=0;

2. Lp(uxv)—Lpuxv—u*xLgv=uxv forall vector fields u, v;

3. Lplu,v)—(Lgu,v)—{u,Lgv) = (2—d){u, v) for all vector fields u, v,

then E is called an Euler vector field and the Frobenius manifold M is called conformal.



Example 1.1.6. Let X be a smooth projective variety. Then we can give H* (X) the structure of a Frobenius
algebra with the Poincaré pairing and the quantum product. Note that the quantum product does not
converge in general, so we must treat this as a formal object. The Euler vector field is given by

dego;
2

Ex=c(X)+) 1——)t"¢>,-,
i

where a general element of H* (X) is given by £ = Y"; t'¢;. We will also impose that ¢p; = 1. There is another
very important structure, the quantum connection, which is given by the formula

1
V,i ::at,»+;<p,-*t
\Y% 1E *+
=z - .
28 dz z *F Hx

Here, ux is the grading operator, defined for pure degree classes ¢ € H* (X) by

degp—dim X
g9 0

px(P) = 2

Finally, in the direction of the Novikov variables, we have
1
VEQGQ = anQ + ;E *q.

Remark 1.1.7. For a general conformal Frobenius manifold (H, (-, -), x, E), there is still a deformed flat
connection or Dubrovin connection given by

0o 1
Vi=—=+—¢i*

ottt z
\Y = d lE*
L AR Pl

Definition 1.1.8. The quantum D-module of X is the module H* (X)[z][Q, ] with the quantum connec-
tion defined above.

Remark 1.1.9. Itis important to note that the quantum connection has a fundamental solution matrix
SX(t, z) given by

QF . ¢ X
Sx(t,z)¢=¢+zz7¢’<m,¢,t,...,t)

inpg '™ 0,n+2,

It satisfies the important equation
Sx(t,-2)S(t,2) =1.

Using this formalism, the J-function is given by S} (£,2)1 = 27 x(t, 2).

1.1.3 Givental formalism The Givental formalism is a geometric way to package enumerative
(CohFT) invariants cleanly. We begin by defining the symplectic space
H:=H*(X,A)(z")

with the symplectic form
Q(f,8) =Resz=o(f(-2)g(2)).



This has a polarization by Lagrangian subspaces
He=H" (X, N[z, Ho=z'H XNz

giving H = T*H, as symplectic vector spaces. Choose Darboux coordinates p, g on J. For example,
there is a choice in Coates’s thesis which gives a general element of J{ as

Y Y aipid+ Y Y ple -7

k=0 i =0 j

Taking the dilaton shift
R =t2)—z=—z+th+ hz+ bz +--,
we can now think of X has a formal function on H, near q = —z. This convention is called the dilaton
shift.
Before we continue, we need to recast the string and dilaton equations in terms of FX. Write t, =
Y t,i(/)i. Then the string equation becomes

1 (o] . .
0T (1) ==(to, 1)+ Y Y ), 03T (D)
2 n=0 j

and the dilaton equation becomes
) .
01F( =Y t,0,F () -2F(1).
n=0

There are also an infinite series of topological recursion relations

0,1 0705, F (1) = Y- 0,93 F ()" 93 8] 03,5 (1).
a,b

We can make sense of these three relations for any (formal) function F on H,..
Now let

L:{(B,Q)e:mg:dﬁ}

be the graph of dF. This is a formal germ at g = —z of a Lagrangian section of the cotangent bundle 7"
and is therefore a formal germ of a Lagrangian submanifold in K.

Theorem 1.1.10. The function J satisfies the string equation, dilaton equation, and topological recursion
relations if and only if £ is a Lagrangian cone with vertex at the origin q = 0 such that its tangent spaces L
are tangent to £ exactly along zL.

Because of this theorem, £ is known as the Lagrangian cone. It can be recovered from the /-function
by the following procedure. First consider £ n (—z+ zJ{_). Via the projection to —z + H along J{_, this can
be considered as the graph of the /-function. Next, we consider the derivatives 9] which form a basis of

ort’
Lnz3_, which is a complement to zL in L. Then we know that
o]
z—e€ezLc [,
ot!
so )
0°J
z———€Lnzi_.
ott ot
Writing these in terms of the first derivatives % and using the fact that J is a solution of the quantum

connection, so we recover the Frobenius structure of quantum cohomology.



We will now express some classical results in this formalism. Let X be a toric variety with toric divisors
Dy,..., Dy such that Dy, ..., D; form a basis of H?(X) and Picard rank k. Then define the I-function

MY, 1% (D +m2)
i j=1 oo\
2Q D5B)

B ]‘[;V=1 m=—co(Dj+mz)

27:1 t;D;

Ix =ze

Theorem 1.1.11 ([Giv98]). The formal functions Ix and Jx coincide up to some change of variables, which
if c1(X) is semi-positive is given by components of the I -function.

Theorem 1.1.12 (Mirror theorem in this formalism). For any t, we have
Ix(t,z) e L.

Another direction in Gromov-Witten theory is the Virasoro constraints. In the original formulation,
these involved very complicated explicit differential operators, but in the Givental formalism, there is a
very compact formulation.

Define ¢! = z7! and
; d + 1 U+ aX)u-—
=Zz— — _—
0 dz 2 #
Then define

Cy=10o(zlp)".

Theorem 1.1.13 (Genus-0 Virasoro constraints). Suppose the vector field on I defined by ¢ is tangent to
L. Then the same is true for the vector fields defined by ¢,, foranyn=1.

Proof. Let L be a tangent space to £. Then if f € zL c £, the assumption gives us ¢y f € L. But then
zlyf € zL,s0lyzlyf =¢1f € L. Continuing, we obtain ¢, f € L for all n. O

Later, we will learn that the Quantum Riemann-Roch theorem can be stated in this formalism. Let £
be the twisted Lagrangian cone (where the twisted theory will be defined next week).

Theorem 1.1.14 (Quantum Riemann-Roch). For some explicit linear symplectic transformaiton A, we
have L™ = AL.

1.1.4 Quantization In the last part of the talk, we will briefly discuss the quantization formalism,
which encodes the higher-genus theory. In Darboux coordinates pg, g5, we will quantize symplectic
transformations by the standard rules

qdaqp i 0 . 92
, = -, = fl .
7i daPb Qaaqb PaPb 392045

dadp =

This determines a differential operator acting on functions on 3.
We also need the genus-g potential

Qﬂ
ﬁ:%ﬁwmwwmgw

and the total descendent potential
D= exp( Zoﬁglff"é).
g=

In this formalism, the Virasoro conjecture can be expressed as follows. Let L, = 7, n + cn, where ¢, is a
carefully chosen constant.
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Conjecture 1.1.15 (Virasoro conjecture). IfL_1D = LyD =0, then L,D =0 foralln = 1.

In this formalism, the higher-genus version of the Quantum Riemann-Roch theorem takes the very
simple form

Theorem 1.1.16 (Quantum Riemann-Roch). Let D™ be the twisted descendent potential. Then

DV =AD.

1.2 Quantum Riemann-Roch (Shaoyun, Feb 08)

We will state and prove the Quantum Riemann-Roch theorem in genus 0, following Coates-Givental.

1.2.1 Twisted Gromov-Witten invariants Again, let X be a smooth projective variety. Let E be
a vector bundle on X. We should note that

Mo,n+1(X, B) & Mo, (X, B)
is the universal curve, and the universal morphism is simply ev,.;. We will consider the sheaf
Eonp=Rm.evi,  E€ K°NVon(X, B)).

We need to check that this is a well-defined K-theory class. Choose an ample line bundle L — X. By
definition, for N > 1, the cohomology .
H'(X,EeLY)=0

whenever i = 1. This gives us an exact sequence
0— ker(=: A) — H'(X,E® LN)® L™ (=: B) — E— 0.
For any stable map f: X — X of positive degree, we obtain a long exact sequence
0—HE, f*E)— H'(E, f*A) — H'(, f*B) - H'(Z, f*E) — 0,

so we obtain
Ro7n.ev.  E—-R'm,ev’, ,E=R'm,ev’,,B—R'm,ev’. A
* n+1 * n+1 * n+1 * n+l-<>

This expresses Ey ,,g as a difference of vector bundles.
We will now introduce a universal characteristic class

c(-) = exP( Y sk Chk(—)),
k=0

where sg, 51, $2,... are formal variables and chy is the k-th Chern character

where x; are the Chern roots.

Example 1.2.1. Let E — X be a vector bundle and equip it with the fiberwise C*-action by scaling. Let A
be the equivariant parameter and p; be the Chern roots. Then

e(E) =) (A+p).
i
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We then rewrite

[TA+pi) = ex]D(Z(log}L ; : kilk ))

Dl k-1)!
= exp(cho(E) logA+ ) # chi(E) |,
k>0 A
so for the (equivariant Euler class), we obtain
so =logA
D k-1
Sk = T, k>0.

We are now ready to define the (E, c¢)-twisted Gromov-Witten invariants.
Definition 1.2.2. Define the twisted Gromov-Witten invariants by
k X,(E,c)
(il anyi -—f ev; (a; )w "Uc(Egn,p)
! mrntonp [Mo,l(xﬁ)lmlj[l l mh
fora; € H*(X) and k; € Zsy.

We will now construct the Lagrangian cone for the twisted theory. Let R be the coefficient ring
containing Sy, 51, ... and define
HY = H*(X)® R(z)IQI.

We also introduce the twisted Poincaré pairing
(a, D)) = j;( aubuc(E).
The symplectic structure is defined by
Quw(f,8) =Res=o(f(-2)8(2) £,0-

There is a polarization S 3w g o
with § )
HWY:= H*(X) ® R[2][Q]
H™:= H*(X) ® R[z][QI.

Finally, we have the twisted genus-0 descendent potential

) QF X,(E,0)
F (D) = ﬁzn TR Iy

Identifying H% with T*H'Y¥, we obtain the twisted Lagrangian cone £%" as the graph of dF

X+ Denote
the untwisted Lagrangian cone as L.

Theorem 1.2.3. We have
LY =nLx,

where

Bo -
=exp| 2 3 sem-rve g che (B2,
m=0/¢=0 m)!

Here, the Bernoulli numbers By, are defined by

l-et 2 ,=,2m)

t t B
—+ Z ﬂtzm.
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1.2.2 Proof of Theorem 1.2.3 The idea is to use the Grothendieck-Riemann-Roch theorem.
Proposition 1.2.4. We can write

— . B
Mo,n (X, A" Nehe(Bonp) =7m<| Y. — chelev, DY) |,

rel=k+1 T
r,¢=0

where
W) =y, N [Mo e (X, BT
n —_ .
=Y @)W A Mo, (X, HI
i=1
1. > vir
todel X VYN Zonig)

a+b=r-2
a,b=0

Here, Zy ;,11,p is formed by the nodes of , Zo_ n+1,p 1S a double cover of Zy 11,5 formed by a choice of branch
of the nodes, . andy_ are the y-classes at the two branches of the nodes, and

Jt Zons1,p— Zopar,p — Mons1(X, B)
is the “inclusion.”

Proof. We will first assume that I\_/onnﬂ X, B, Mo,n(x, p), and Zy 41 p are all smooth and that 7(Zp ;,+1,6)
is a normal crossings divisor. In general, we need a Cartesian diagram

evi , E———— 3 F

— e

Mo,n+1(X, B) \

Zo,n+1,8

~

24—
N

Mo,n(X, B)

~

Continuing in the ideal situation, we apply Grothendieck-Riemann-Roch' to obtain

ch(Ey , p) = ch(Rm.evy, E)
=7, (ch(ev) 4 E)-tdY Qg),

where td" is the dual Todd class, defined by ﬁ, and Q; is the sheaf of relative differentials.
We then have two short exact sequences

0—Qp—w;— OZO,rHl,ﬂ -0

IWe need to be careful about directly applying Grothendieck-Riemann-Roch in the stacky setting (and in general we are only
quasi-smooth).
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and

n
0—wy— Ly *@oDi -0,
i=1

where D; is the divisor where the marked points i, 7 + 1 collide and their component has exactly three
special points. Now we obtain

n
QT[ = Ln+1 - Z OD,' - OZD,n+1,ﬁ

i=1

in K-theory. Using the facts that ¢ (Lp+1) = ¥n+1, DinDj =@ for i # j, and D; N Zy 11,5 = @, we see that
Ly+1 is trivial when restricted to D; and Z ,,41,5. Now we apply the dual Todd class.

Lemma 1.2.5. Ifx; Ux =0, then
(td” (x1) = 1)(td" (x2) = 1) = 0.

Using the lemma, we obtain

n
td" () = td¥ (Lys1) [[td¥ (-Op)td¥ (O, )"
i=1

n 1 1
=1+ (td" (Lysr) - 1 o Yo, o7
+( (Ln+1) )+ izzl(tdv (ODi) ) * (tdv (OZ,,H_ﬁ) )

The first term in the statement comes from the dual Todd class of L,,;1, the second comes from
O~O(—D,~)—»O—»OD1. —0

and the relation between O(-D;) and L;, and the last term can be found in Appendix A of Coates-
Givental. O

To obtain the Quantum Riemann-Roch theorem, we use the previous proposition and manipulate the
generating function. If E is convex and Y c X is a complete intersection defined by E, then £ is closely
related to Ly, so we are able to study the Gromov-Witten theory of Y using this.

1.3 Shift operators (Melissa, Feb 15)

Let X be a semiprojective smooth variety. This means that X is projective over its affinization. Also assume
that X has an action by T = (C*)™ such that all T-weights in H°(X,9) are contained in a strictly convex
cone in Hom(T,C*)g and H°(X,0)T = C. All such X imply that

(a) The fixed locus X7 is projective;

(b) The T-variety X is equivariantly formal. This means that H;(X) is a free module over H;(pt) =
Q[A]:=Q[A4,...,A;;] and there is a non-canonical isomorphism

H5(X) = H*(X) ® H}(pt)
as H; (pt)-modules.
(c) The evaluation maps ev;: X 5 4 — X are proper.

Using (b), we may choose a basis {(pi}i.\io of H;(X) over H; (pt). Let 7! be the dual coordinates.
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1.3.1 Equivariant big quantum cohomology Let (—,-) be the T-equivariant Poincaré pairing,
which in general takes values in Q(1). Then the T-equivariant big quantum product is defined by

(i % bj,pr) = (pir P ,»m»é‘f
—Z—,<¢z,¢b»¢m, Domssd

This can also be defined using the evaluation maps

(evi)s: Hi(Xo,n+3,4) — H;_Z(CI(X)'d+n) X

as
d n+3
bi *r¢j=ZQ—(eV3)* evi (@i evs (@) [] evi (@) niXonssal™ | € Hr(OIQlITo, ..., Tul.
d,n i=4

1.3.2 Quantum connection We will define

Vi: Hr(X)[2l[Qllt] — z ' Hp(X) 2 [QII7°, ..., 7]

by setting
0
Vi= p + - (le*)
We can view z as the loop variable by setting T = T x C*. If the extra copy of C* acts trivially on X, then
H%(X) = H7(X)[z].
This has a fundamental solution

M(1): H%(X) Q7] — H%(X)IOCHQ’T]]

where
H;(X)lOC = H%(X) ®g1,z) Q(A(2)).
This satisfies the differential equation
0
z— M(1) = M(1)(; %),
ot!
which is equivalent to
0
— o M(t)=M(1)oV;.
or!
The solution has the form
¢/
- U/ 0,2

(M(T)(Pz,(l)]) = ((I)L;(,b]) + ((,blr

1.3.3 Shift operators Let k: C* — T be a cocharacter of T. Then define a T-action p; on X by

pr(t, x)x = tu-x
for t € T,u e C*,x € X. Under the group automorphism

b T—T ¢t = (tu™", ),
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the identity map (X, pg) — (X, pg) is T—equivariant, so we obtain isomorphisms
D Hm)0 (X)— HT,pk(X)'
Now define the bundle
Ej = (X x (C2\0))/C*,

where C* acts by
-1, -1
s-(x,v1,02) = (SkJC, s U,S V).

This is an X-bundle over P! with an action on T by
(t,u) - [x, (v, v2)] = [£- x, (v1, uV2)].
Setting 0 = [1,0] and oco = [0, 1], we see that T acts on Xo by po and X, by pg.

Definition 1.3.1. A cocharacter k: C* — T is seminegative if all weights of H°(X, ©) are nonpositive with
respect to k and is negative if all nonzero weights of H°(X, 0) are negative.

Lemma 1.3.2. Ifk is seminegative, then Ey is semiprojective.

Now let 7: Ex — P! be the projection. We now consider section classes, which are those effective
classes in Hy(Ey,Z) satisfying m.d = [P']. For the C*-action on X given by k, there is a unique fixed
component Fni, whose normal weights are all positive (one way to see this is to consider the moment
map of the corresponding circle action). Therefore, there is a minimal section class o i, corresponding to

Fhin-
Lemma1.3.3. Givente H;(X), there existsT € H;(Ek) such thatT|x, =7 and Tl x, = P (7).
Lemma 1.3.4. Ifk is seminegative, then
Eff(Ex)%%° = 0'min + Eff(X).
Definition 1.3.5. Let k: C* — T be seminegative. Given 7 € H}.(X), we define the shift operator
Skt Hy | (X1Q1— Hy | (X)IQ]

by the formula
. Qa\—a'min
Sc@a.p)= Y () ()BT, T)
deEff(Ey)sec :

where ¢ € HX (X)and fe H: (X). We also define
t,p0 T,pk

Ei, T
o,n+2,d

Sk(1) = 0. oSk (7).
Theorem 1.3.6. We have the formula
M(7) oS (1) = 8 0 M(1),

where 8. is defined via the commutative diagram

8
HE(X)oe ———— HE(X)ioc

! I

. eal_ Ai(k)efﬂc(sl .
HE (X Dioe ———> HZ(XDioc-
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Here, we define
kN; o TT0
Bl TTo_ o (Pia,j+ @ +c2)

Ay =Q7 [T [T ==

a j=1 2% (Pia,j+a+cz)

€ H;(Fi)loc[[Q]],

where
N;=Np;x = Niq
a

is the normal bundle of F; in X and p; q,j are its Chern roots.

The idea of the proof is to decompose

T _ T T
Ek,o,n+2,dA_ |—| |—| U A(XO)O,hup,do XF; (Xoo)o,lzuq,doo'
i ulh=[n+2] do+deo+8=d

Using the exact sequence
0 — Aut(C, x) — Def(f) — T' — Def(C, x) — Obs(f) — T> — 0,
we obtain the explicit formulae
Aut(C,x)™ = Aut(Cop, x0)" + Aut(Coo, Xo0)™
Def(C, x)™ = Def(Co, x0)™ & Def(Cy, x0)™ & TCo ® TyP' & TyCoo ® TyP".
This gives the virtual normal bundle, and using virtual localization, we obtain
Srma, p) = SkM(t,2)a, M'(r',~2) p),

where
M'(1',2) = @0 M(1,2) 0 @} .

Using the unitarity property of M, we obtain the desired result.

1.4 Orbifold stuff (Patrick, Apr 04)

1.4.1 Orbifold Gromov-Witten theory Let X be a smooth and separated Deligne-Mumford
stack of finite type over C.

Definition 1.4.1. The inertia stack of X is the fiber product in the diagram

IX — X

! I

X 2% xxX.

More concretely, we may think about I X as parameterizing pairs (x, g), where x € X and g € Aut(x).
There is another description of IX if X lives over C. In general, /X is disconnected. We will write

IX=]]X.

iel
It also has an important morphism inv: IX — IX given by (x,g) — (x,g™ ).

Definition 1.4.2. A morphism X — Y of algebraic stacks is representable if for all schemes S and mor-
phisms S — Y, the fiber product X x g Y is an algebraic space.
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Theorem 1.4.3. Let
I, X = |_| Homyep (Bpir, X)

r=0

denote the stack of representable morphisms from classifying stacks of roots of unity to X (the cyclotomic
inertia stack). Then I, X ~ IX.

We need to make one more definition, which will appear as a degree shift on cohomology. Let
(x,8) € X;. Because (g) < Aut(x) is cyclic, there is a decomposition

. X= @ W,

0</<r;

. . o 2my/=TL . .
where V7, is the eigenspace with eigenvalue e A and r; is the order of g. Then the function

1
age:=— ) ¢-dimV,

Ti 0</<r;

is constant on X;, so we denote its value by age(X;).
Recall that by the Keel-Mori theorem, X (which has finite inertia) has a coarse moduli space | X|, which
is an algebraic space satisfying two properties:

¢ The morphism n: X — | X] is bijective on k-points whenever k is an algebraically closed field;
¢ | X] is initial for morphisms from X to any algebraic space.

From now on, we will assume that | X| is quasiprojective, and in particular that it is a scheme.

Moduli of stable maps

Definition 1.4.4. The moduli space of stable maps ﬁg, 7(X, B) parameterizes objects

€ = -1 x

}

T,
where

1. Cis a prestable balanced twisted curve of genus g. This means that C has stacky structure only at
nodes and marked points, and the nodes are formally locally [(SpecClx, yl/xy)/ 1, where p, acts
by {(x, 1) = .61 y);

2. Z; c Cisan étale cyclotomic gerbe over T with a trivialization for all 7;

3. f: C— X isrepresentable and the induced morphism between coarse moduli spaces is a stable
map of degree 8 with n marked points.

We see that ﬁg,n(X , B) has evaluation maps ev;: ﬁg,n(X ,B) — IX. Itis also disconnected, with the
connected components being indexed by components of IX. Let

p— n
Mg n(X, B, i1y in) = pl evi' (X)),
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Then o o
Mg,n(Xyﬁ) = ] |_| Mg,n(X;ﬁy ily---;in)-

Each component has a virtual fundamental class

Mg n(X, B, i, ... i) € He Mg n(X, B, i1, ..., in), Q)

of virtual dimension

n
f a(X)+1-g)dimX-3)+n-) age(X;).
p j=1

given by the relative perfect obstruction theory (R7. f*TX)V, where 7: C — ﬁg,n(X , B) is the universal
curve, over the moduli stack Dﬁg’f’n of prestable twisted curves. Because we chose to work with trivialized
gerbe markings, we need to multiply the virtual fundamental class as follows. Note that the j-th marked
point is

2 =Mg (X, B,i1,...,0n) % B.Urij-

Here, if x = [Bu, — X] € X,'j c IX, then ri; =r. Then set
—_— n — .
[Mg,n(x: ﬁ) il)”- in)]w = (H rij)[Mg,n(Xrﬁv ilw-- irl)]VIr~
j=1

Now consider the morphism p: ﬁg, (X, B)— ﬁg, 7(1X1, B) given by taking the coarse moduli space.

Let Cix| — ﬁg,n(lX [, B) be the universal curve and o0;x| be the marked points. Then the descendant
classes? are defined to be

o * _
vi=p Cl(gijx\/Mg,n(‘X"ﬁ)).

Quantum cohomology We are now able to define Gromov-Witten invariants. Let a ; € HPJ Xi;, ©). Then
define

n

* kj
HeV-C(jI[/j .

X
(alwk‘,...,anwkﬂg‘n’ﬁ ::f ;

[Mg,n(X,ﬂ,il,,__,in)]w j=1

We are still able to form generating series Jg, Jx, ... as before, and the invariants satisfy the string, dilaton,
and divisor equations (although we have to be careful that the marked point we delete is a scheme point),
so the orbifold Gromov-Witten theory has a Lagrangian cone £ x < J.

The orbifold Poincaré pairing is defined by the formula

(a, B) = f auinv* B,
X
where U denotes the usual cup product. This is well-defined because of the formula
age(X;) +age(Xinv(j)) = dim X —dim X;

when X is proper. When X is not proper, we will assume we are working equivariantly. Now we may define
the quantum product by the formula

B
(ax:b,c) 3:ZQ_|<a»b’C’T""’T>())(n+3ﬁ
P RL e

2Most people call these W, but I am extremely lazy.
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for a,b,c,7 € H*(I1X,C). Restricting to the degree 0 part and setting 7 = 0, we obtain the orbifold cup
product, which is given by
(axb,c)=(a,b, C>())(,3,0-

Denote HéR(X) = (H*(IX,C), %). The orbifold cup product is graded for the grading deg(a) = p+2age(X;)
for a € HP (X;). Using the quantum product, we may define the quantum connection and its fundamental
solution.

1.4.2 Toric Deligne-Mumford stacks We will assume the reader is familiar with the fan presen-
tation of a toric variety. If you are not, there are many references.

Definition 1.4.5. An extended stacky fan is a quadruple Z = (N, %, 3, S) of
1. Afinitely generated abelian group N of rank n;
2. Arational simplicial fan X in Ng = N®R;

3. A homomorphism f: Z™ — N. We will write b; = ff(e;) € N for the image of the standard basis
vector e; € Z™ and b; for its image in Ng;

4. Asubset Sc{l,...,m}

satisfying the following conditions:
1. The set (1) of 1-dimensional cones is exactly the set {IRZO -T?,- |i¢ S};

2. Forallie§, Ei €.

We will now assume that |X| is convex and full-dimensional and, that there is a strictly convex piecewise
linear function f: |X| — R which is linear on each cone, and that § is surjective. From this data, we will
now obtain a GIT presentation. Define L by the exact sequence

0—>I]_—>Zm£>N—>0.

Then define K :=L ® C*. Then define D; € LY to be the image of the i-th standard basis vector in (Z™)V
under the last arrow in the exact sequence

0_’NV N (Zm)v N ILV
Finally, set
Aw={Ic{l,...,m}|ScI,07isacone of I}.

Choose a stability condition

weCw = U {ZaiDilai€R>o}.
IeA, \iel

Then we define
X5 :=[(C™?’/K].

The ample cone is C[u c ﬂ_%/zies RD; = H?(Xs,R), which is defined in the same way as C, after
deleting S from the extended stacky fan, and the cone of effective curve classes is its dual.
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Orbifold cohomology First, we will describe the equivariant cohomology of X5. Let Q = (C*)"/K. Then if
u; is Poincaré dual to (x; = 0 < (C™)%)/ K, we have

HB(XZ)C) = Hé(ptyc)[uly-'rum]/(j+3))

where

m
J=(— Y (biuil ye NO
i=1

1
J=([Tuil 1€ Ay).
i¢l
There is a combinatorial description of the components of the inertia stack I Xs. Because X5 is a
global quotient, the components of the inertia stack correspond to elements g € K such that ((C™)%)8 is
nonempty. Equivalently, if we define

K={feleQ|{ie{l,...m}|D;-feZ} € Ay},

then the components of I X5 are in bijection with K/L. To give a description in terms of the fan, for any
o € Z(n), define
Box(0):={veN|7= ) aib;j|0<a;<1
piso
and then
Box(Z):= |J Box(0).
oex(n)

Then there is a natural bijection K/IL = Box(Z). For any f € K/L, X is a toric DM stack with K, L, w the
same as for X, and characters D; for i such that D; - f € Z. At the level of fans, this corresponds to killing
the minimal cone of X containing the corresponding v.

We will now give the orbifold cohomology of X5. Define the deformed group ring C[N]* as the vector
space C[N] with product given by

o e. JYIT?  thereexists o € Zsuchthatc),c, €0

yoyr= .
0 otherwise.

Then there is an isomorphism of rings [BCS05]

C[N)®
Ciesx(b)yPi 1y e NVY’

Hip(X5) =
Remark 1.4.6. This result also works in families over a base B [Jia08], where C™ is replaced by a direct

sum of m line bundles on B. Then we need to add a ¢ (Ly) to the relations and obtain

H*(B)[N]*
(c1(Ly) + Ligs x(b)yPi | y € NVY’

By ._
HeR(X3) =

1.5 Gamma-integral structure (Patrick, Apr 04)

LetIX =], X, and g, : X, — X be the restriction of X — X. Let E be a T-equivariant vector bundle
on X. Recall that v corresponds to some g, € K, so we obtain an eigenbundle decomposition

qgyE= @ E.p,
0=<f<1
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where E,, ¢ is the subbundle where g, acts by e?"/ . We now define the orbifold Chern character to be

chB) =@ Y &/ chiE,)).
veB0=f<1

Now let 6, f,j be the Chern roots of E,, . We define the orbifold Todd class to be

1

- 511,0,'
Td(E)iZ@ H H —27if—6,,f,j H ]

50"
veB\0<f<1 j l1-e i 1—e 9vo,j

The T'-class should be a square root of this and is defined by

rEe=@ [] [Ira-r+6u:)),

veB0=sf<1 j

where we expand I" around 1 - f. The reflection formula for the I'-function implies that the X, -component
of T(EY) UT'(E) is given by

-~ -~ * 7)MoV . * * degy —
[FEV UTE)], = @ri) K BB | —rilage@ B+a(d" E) (27 1) 3" Td(E)
inv(v)

Here, deg, is the grading operator given by the degree without age shifting.

Definition 1.5.1. Define the K-group framing s: Kr(X) — H{p (X) ®p, RT[logz](]z’%[)[[Q,r]] by the
formula

_ PN degg ~
s(E)(1,2) = L(1,2)z *zPTx u(2ri) 2 inv” ch(E),

dim X

(2m) 2

where L(7, z) is the fundamental solution to the quantum connection, y is the usual grading operator
given by %(deg— dim X) on homogeneous elements, and p = ¢, (T X) € H2(X).

Proposition 1.5.2. Define the equivariant Euler pairing by

X(E B =Y (-)*ch” Ext* (B, F))
j

Zﬂiﬂ,j
z

. Then

and the modified version x ,(E, F) by replacing the equivariant parameters A ; by
(s(E)(1,e”"2),5(F)(1,2)) = x-(E, F).

Remark 1.5.3. Everything we have discussed so far makes sense for toric DM stacks after specializing

Q=1.



Crepant transformation conjecture

2.1 Toric wall-crossings in GW theory (Davis, Apr 11)

Our goal is to study GIT wall-crossing in toric Gromov-Witten theory. For toric varieties X, related across
a wall, we want to define M o U, such that X, € U,, as well as quantum connections on U, that restrict
to X, appropriately.

2.1.1 GIT wall-crossing Recall that the data of an (extended) stacky fan is equivalent to GIT data
consisting of

1. Avector space V of dimension m;

2. Atorus K;

3. Characters D; € char(K) fori=1,...,m;

4. A stability condition w € charg(K);

5. Asetofanticones A, ={Ic{l,...,m}|w €Y ;cra;Di,a; € Rso}.
Remark 2.1.1. The DM stack X,, is defined to be [U,, /K], where

Up= J @) xc”
I€A,

is the semistable locus. Therefore, if w1, ..., w, are stability conditions, there is a birational map X,,, --»
Xw, induced by identifying the dense open tori.

Suppose that w; € C;,w; € C; are separated by a wall W in the space of stability conditions. Choose
wo e WNC; =WnC,andlet
Xo = [Uw, /K1,

which may not be Deligne-Mumford. Choose a resolution X of Xuw,» Xw, completing the diagram

Xo

%

82
Xo Xo,
7\ V
h _

X.

22
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We will assume that Z?’:I 1, Di € W. Under this assumption, the wall-crossing is crepant:

[ Kx,, = f; Kx,,-

Example 2.1.2. If e is a vector perpendicular to W, the G,, it generates may not be fixed. For example, let
K=G? and V =C3. Let Dy = (1,0), D, = (1,2), and D3 = (0,2). Therefore,

Y a;iD; = (a + az,2a; + 2as).

Letw = (wy,wy). Ifwy, 0wy >0, then A, > {{1,2,3},{1,3}}. Then D, appears if either
. Wy
(wx,wy) = ai(1,0) + ax(1,2) if o, > > >0
. Wy
(wy, wy) = ax(1,2) + az(0,2) if > >wy > 0.
Therefore, there is a wall givven by 2wy = wy. In the chamber wy > 2w, > 0, we have
Ay =1{{1,2,3}{1,3},{2,3}}
and therefore U, = (C?\ 0) x C*. Taking the quotient, we see that
U,/ K =P'/By,.

In the other chamber, we have
Aw = {{1y2r3}{1,3}v{1)2}}r

which implies that U, = C* x (C?\0), so
Xy =P(2,2).

For a stability condition wy on the wall, we will obtain
Up=(C*\0)x C* UC* x (C*\0) UC xC* x C.

The middle C* is fixed by the cocharacter (2,—1), so Xy is non-DM.

2.1.2 The secondary variety

Definition 2.1.3. The wall and chamber structure on charg(K) defines a fan on charg(K) called the
secondary fan. The associated toric variety is called the secondary toric variety. For us, we will consider
the subfan consisting of cones C,,, C,,, and their faces. Call the corresponding toric variety M. This is a
moduli space of Landau-Ginzburg models mirror to the X;.

Unfortunately, M is generally singular, so we will consider a smooth finite cover M,¢g. Explicitly, we
see that
M = SpecC[C)’ ncochar(K)] U SpecC[C) ncochar(K)].

Call the charts U,, U_. Define
K;:={f €cocharg(K) | D;feZforallieI=1€ A,}
and let L; be the free Z-submodule of cocharg(K) generated by K;.
Example 2.1.4. Continung with the previous example, recall that
Aw, =111,2,3}{1,3},{2,3}}

If we want (fy, fy) - (0,2) € Z, then we see that f, € %Z, sol; =7 x %Z.
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Remark 2.1.5. Recall that
H?*(X,,R) = charg(K)/ }_RD;,
ieS
where
S={ili°¢ A}

is the set of indices contained in every anticone. Therefore, we can split

charg(K) = () ker(¢ ;) e PRD;.
Jj€eS Jj€S

Claim 2.1.6. There exist & ]i such that
1 E}flw = fj‘.lwforallj €S, NS_;
2. Forall je S, AS_, f]i.|w =0;
3. Allf]i. eKy.

Claim 2.1.7. We have a decomposition

LY = (H*(X.,RnLY) e P zD;.
JjeSs:

Furthermore, WNLY =Wn€L.

Proof. If je Sy, then jeIforallI€ A,,,soDjf €Z. ThusDj e Zl.*. In the other direction, if v € ZX,
v¢; € Z because ¢ € K. Therefore,

w=v- Y (v,&)D;e [\ ker(;)nLY. O
ieSy jes

Corollary 2.1.8. There exists an integral basis for L} of the form
{pr“’p;}U{Djbes

such that pi € E; live in the closure of the ample cones of X; and p,t = p;. as classes of Cyy,.-

Now we have maps
CICY ncochar(K)] — CIyy, -0 V7, 1%} jes]

given by the formulae

[
d s L] Dj-d
y '_’Hyj ij
j JjeS

for cocharacters d € cochar(K).

Remark 2.1.9. We may reorder the basis p; as {qi,..., q,} such that g, is the unique vector not on the wall
W. Dually, we may write { Vi, X j} as {z1,...,2r} such that z; is dual to g,. In these coordinates, we can write

1
+ + +5
U, =SpecClzy,...,2}_;,2, 7]

_1
U_ =SpecClzy,...,2,_;,2; 1.

Let ﬁreg be the analytification of Myeg = Uy UU_.
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2.1.3 Extending the /-functions Let
d=d+ Y (Dj,d)}¢;
JES+
be the decomposition of some d € cochar(K). Then the I-functions of X, are given by

a a Dd| &
™ =zez Y %4 [] 1 .
deKsy — jeSi j=11lasp; -aa=(p;-ayWj + az)

Ha<o@=(p;-ay (U +az)

Precisely, we have
I; € Hiy 7 (Xo,) ®g; Rr(27')1Q,0, x].

In the above formula, we will make the substitutions Q = 1 and

O+ =

M

0% (p))log(yj)— 3 Ajlogx;+coh.
j=1 J€Ss

Here, A; =60%(D;), where 6™ is the restriction to H? and coA =Y A;.
A more explicit formula is given by

g+ d Dj-d m
I, =ze™= Z y H x; H
dek.  jeS. j=1asp; -aay=(p;-ay(uj + az)

Hasoay=(p;-ay(Uj +az)

T—ayp

where [—d] € K/L is the twisted sector.

Claim 2.1.10. The I-function 1. defines a convergent power series.

Idea of proof. Choose f € K/L and d such that [-d] = f. Then X{ c I X, is a connected component and a
closed substack of X, . The restriction

Hi(xD) — mEx!'h

is injective. Then
I+|Xfr x @B, X),

+.e

w
whereﬁj:%,x:yf’ ,and

Masoay=(p;-ay Bj + @)

DB, x) = Z xk

tez  asp;a+kp;eiay=(n;-ay(Bj+ @

For k < 0, because R; =(Dj-d) =0for jed < Irand D;-e >0, the xF-term vanishes. Convergence
follows by the ratio test. O

Because ® solves an explicit differential equation' with singularities only at 0,00, [T(D IE e)Pi¢ it can
be analytically continued to

univ cover

M, = (U \ {v*° = conifold}/Deck)
For just X, there are differential operators P; such that
(z7'PiL.,..., 27 P04, ) = L7,

where L™ =1+ O(z™!) and T = const + O(z). Therefore, we may determine L~' by Birkhoff factorization.
This gives us quantum connections on M.

1We can write the coefficient of x* as a ratio of products of gamma functions.
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2.2 Crepant transformation conjecture for toric complete intersections
(Davis, Apr 18)

Our goal is now to relate 1. to each other. More precisely, they will differ by a gauge transformation, which
is a Fourier-Mukai transform. The main tool will be to compute in localized equivariant cohomology.

2.2.1 Gauge transformation First, we will rewrite the I-functions as ratios of I'-functions:

yi w1+ =D )
ZXDid

Ti—ay
=1 1“(1 +44D;. d) gh-a’
= z ]

L(y,z)=zez Y
del

where 1[_g is the age. We will not work directly with these. Instead, we will consider

m
. 1
Ho(y) = e®™7 045 1y Tq)-
+(¥) ek, Y jljlr(1+uj(2ni)—1+Dj-d) (-]
Using the T class, it is related to the I-function by the formula
1 —c¢A _dimXy o+ 4 . degy | « _ deg(y)
z  I(y,2) =z Tz H P Tx,u@ri)™2 inv'Hy(z7 2 ).

Recall that T-fixed points on Iy, correspond to pairs (5, f), where 6 is a minimal anticone and
f € K4 /L. Then we compute
P Z yd ' @) 046
@.Nn" der, Hjes TA+@ad) " uj(@ +Dj-d) Tjes TA+@ri) Huj(® +Dj-d’
[dl=f

Note that for j € §, u;(6) = 0. In addition, D; - d € Z, so if it is negative, then the corresponding I'-function
vanishes. Therefore, we define

6V:={delg|Dj-deZsforall j €&}

and the I-function becomes
d e(27ri)'10+5

: y
L H, = . .
@GN dezﬁv Mjes T+ @ri) " uj®)+Dj-d) TjesTA+ @) Nu;@®)+D;-d

ldl=f

If6 €Ay, NAy_, thent* (8, f)Hy = LZ‘5 f)H_. Otherwise, § has the form {ji,..., jr-1, j+}, where all D, e W

for i <r and Dj, - e > 0 for the normal vector to W pointing towards w .

Definition 2.2.1. A pair (0. € A, ) are next to each other if both are of the form

6i = {jl)-“rjr—lrji}r
where +Dj, -e > 0. Likewise, (6+, f+) are next to each other if (§+) areand f_ = f, + @eelg/L.

Lemma 2.2.2. If§. isnexttod_, forall j and forany j_ € 5_nd<,

J

uj(dy)—uj6-)= D,

e
‘euj_ (04).



27

Proof. Expand
r—1
D;= Z ¢jDj, +c-Dj_.

i=1

ThenDj-e=c-Dj_-e. Because
Q(Dj) =Uuj —Aj
=2 cilwj=Aj)+ciluj = Aj)
and u;_(6-) =0, we see that

uj(5+)—)tj = —Zci/lji +c,(uj_(5+)—)tj_)
uj(6_)—7Lj = —Zci/lji +c_(uj7(6_)—7Lj7).

This implies that
uj(6+)—uj6-)=c_uj_(64). O
Claim 2.2.3. We have the formula
5 f-
s e Hi= )Y ¢ s ¢ H-,
©+,f+) o) S filoo )
next to
6+,f+)

where c is some explicit matrix’> made of products of things like

sinz (i) u;(6.)+Dj- fi)
o Sinm(@ri)u;(6-)+Dj_ - f)

Dy
J#]-

Proof. 1dea of proofIfd € §,,then D;-d =0forall j € §,, so we can write d = D, + ke, where d, € 6%
and D, — e ¢ 6. We now obtain

4 00 (ye)ke(Zni)‘lm,(L
Iy H, = * .
G, f) dX:y kz“:OH;ﬂ:lr(l+(2ni)_luj(6+)+Dj~d++ij-e)

+

Using the reflection formula

sinz(—@2mi)~! ujby—Dj-dy)
/A
xT(-=@ni)'uj6,—Dj-d.—kDj-e),

T(+@ri) " 'uj(6+)+Dj-ds+kDj-e) =(-1)kPre

we may write

H, =Res;—i(--)T(S)['(1—-35) H F(—(Zni)fluj(&r)—Dj-d+—sDj-e).
Dj-e<0

*

borfo)

We obtain poles at the following locations:
(1) T(1—s) gives polesats=1,2,3,...;

(2) I'(s) givespolesats=0,-1,-2,..,;

2The reason the formulae are so complicated is because we are using the wrong basis.
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(3) The last term gives poles at s = (=Dj_- e) L (eri! uj 04)+ Dj -dy—n).

We can then rewrite this as a contour integral where the contour is such that all poles of type (1) are on the
right and all poles of types (2) and (3) except the one at 0 are on the left. For small y, we have

*
L H+ = f
Ouifr right’

and for large y, we have
5 f .
T Cs, 1t
LR SO W T
Choose some j_ for which D;_e < 0, we obtain

r

Res; = [] —.

Dj-e<0,j#j- S

Setting §_ = {j1,..., jr-1,j-} and

D; -dy-1
d =d, + T,
—Dj;-e
we use the lemma to rewrite some I'(... u;(6+)) in terms of ;(6-) and conclude. O

We have therefore obtained the formula

. e o6 (7 ra
L - iy . H_
ofer 1 (5Zf) dév Y Z T T+ @ri) " u;(0 )+ Dj-d_—kDj-e) Ol 0-f-
next to
S i
Now define
Ts,f 5_.f s 1
Upl@):= ), 5 pa)——=—+ Y D s (5 »a)——"—r.
seatmasy T e o) 5Th 6 Ol Ol e T Ny )
nextfto

We have a commutative diagram

Un

H;(IXi)comp

loc

Adego
TH-z7P-Tx_u@ni)” 2 inv*a)

Heg (X iocllogzl (2™ k) —— HZp 1 (Xoiocllogz] (2 F).

> Hp(IX) "

loc

2.2.2 The Fourier-Mukai transform We will now prove that U is given by the Fourier-Mukai
transform. Here, let X be a common toric blowup of X, as in

X f
" X
and FM = (f)* (f2)* == K2(X-) — K2.(X,). We see that K2.(X) is generated by [L+ ()], where p € char(K)

and Kg (X) is generated by [L+ (p, n)]. We will now move to the fixed point basis and see that

es,p= L (p) _]1(1 —L(Dy) Tee M.
i¢
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Remark 2.2.4. Let x5 be a fixed point of X and p be in its isotropy. Then es,, = (is) « p-

We now compute FM(es o).
1. If6e A_nA,, thenFM(es ) = es5,0;
2. Otherwise, we have a complicated formula.

The computation involves doing localization and relating anticones of X. to those of X. We then obtain a
commutative diagram

K(X) — KO(X)

(2.1) =) E

U
Hy(IX;) — Hj(IX,)
by direct computation.

2.2.3 Crepant transformation conjecture We are now ready to state the crepant transforma-
tion conjecture.

Theorem 2.2.5. Let H(Xy) := Hep 7 (Xy) (z7Y). Then there exists a degree-preserving symplectic transfor-
mation
U:=H(X) - H(Xy)

such that
1. I, = UL after analytic continuation;
2. Ifg+: X+ X— is the map to the toric blowdown, then
Uo(g*vu) = (givu)oU
forallve H%(Yo);
3. U fits into the commutative diagram (2.1).

Theorem 2.2.6 (Crepant transformation conjecture for toric DM stacks). Let (F*, E*,V*) be the quantum
connections on X.. Then there exists a gauge transformation

© e Hom(Hy 1(X-), Heg 1(X+)) ®ry (Oyo ® Rr) (2111, .0, Yr-1]
such that
1. VTO=0V;
2. O is homogeneous of degree 0;
3. O preserves the orbifold Poincaré pairings.

The proof starts by applying differential operators to UI_ = I, to obtain

Q
n ‘H—

z_ll_f’ilize L;l'}’i.

We then set © =y, y=! and obtain

(€ Li(127 M0, 2) =Ue L_(3,2)7).



30

2.3 Wall-crossing for Grassmannian flops (Kostya, Apr 25)

We will now consider a wall-crossing in a nonabelian situation. This relies on reducing to the abelian case
and citing CIJ.

2.3.1 Geometric setup Let B be a smooth projective variety and let E, F be vector bundles on B
which split as direct sums of line bundles

n
E=PL, F=PM,.
i=1 i

Now let
V =Hom(F,C") @ Hom(C", E)

and G = GL,. G acts on the total space of V by the formula
(X,Y)og=(g 'X,Yg).

Let X; =V // + get G be the corresponding GIT quotients of V. We obtain

X, =tot(Sy ® p*FY) —— Gr(r, E)

[

B

1

X_=tot(S-® p*E) —— Gr(r, FY).

The birational transformation here is known as a Grassmannian flop.

Example 2.3.1. Consider the quiver given by

> (0 — () — [1]

The corresponding moduli of semistable representations is

(€* - ") x (€ xC¥ x (€ - JGL, xGL.

Then
X, =tor(8*%) - Fl(r,k,n),  X_ =tot(S, ® Sg) — Gr(r, k) x Gr(k, n).

There is an action of T = (C*)2" on the total space of E & F, which induces an action of T on V. Denote
xi=cl (L)) zi=cl (M)).

Let R =C’, viewed as a right G-representation. Then R x V — V is a G-equivariant vector bundle on V
which descends to X, and are the pullbacks of SY and S_, repsectively. Now denote by

yl;--',yr

the Chern roots of RY. Then
Hi(Xy) = Hy (B)[X;, 2] [ Vg5 L,
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where I, is the ideal given by
T2, (1= x3)
I, = { [r"l—l {>n—r
l_[jzl(l +¥j)

and I is defined similarly. Let Ry = Hy (pt) and St = Ry joc. Finally, let Srbea completion of St containing
exponentials and I'-functions. The T-fixed loci in X. correspond to r x r minors of the corresponding
Grassmannians. We encode them by

¢

0:{1,...,r}—11,...,n}

which are strictly order-preserving, asin 6; := 6 (i) <6(j) =: 6 if i < j. In other words,
X! =| |Bs+ =B.
61
Lemma 2.3.2. We have
;
Rlp;- = @Mg*
i=1 !

;
Rip,, =L},
i=1 !
This implies that
YilBs- = —2s;

YilBg: = —Xs+.
1

2.3.2 Abelianization Let (C*)" c G = GL; be the maximal torus which acts diagonally on C". Then
the abelianized quotients are

Xr_=V /o T
= tOt(O[FD(FV)(—l) ® p*E) XpB++Xp tOt(O[FD(FV)(—l) ® p*E)
X174 = V//g+ T

= tOt(O[p(E)(—l) ® p*FV) XB:+XpB tOt(O[p(E)(—l) ® p*FV)
Note that T has many more stability conditions than T. Denote
J r )
0j=Tlu II %
k=1 k=j+1

and the GIT quotient
Xr1,j = V//g]. T.

Therefore, X70 = X7 - and X7, = X7 +.
The cohomology of X7,; is given by

HY(Xt,j) = Hy (B)[xi, 2] [yi) / 2,

where the ideal T ;i‘b is given by

n
P ={1‘[(—xi—yk)
i=1

n
1sksj}u{l_[(zi+yk)
i=1

j+1sksr}.
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The T-fixed loci are indexed by points in P!, These are denoted by arbitrary functions
f:14,...,r1—{1,...,nhL
Note that f is not required to be injective. Thus we have a decomposition

X}{j=|7|BfEB.

The first abelianization in cohomology is
Hi(Xy) = Hy(vEsmW.

Next, note the diagram
Xs

~
~
~
~
~
~

VES(G)IT — Xr4
gives us a rational map between the abelian and nonabelian quotients. This gives us a surjection
H} (X1,2) > VES(G)/T.

The kernel of this morphism are those f which are not injective.

2.3.3 Fourier-Mukai transform Consider the mutual blowup

x f
Xy -———————= X_
and let
o= fonf" s Kr(X0) — Ky (Xy).
Here,

X=(F—Cx € —=CNx(C" = E) [ 4o gey GLT-
Then the morphisms are
f+((Xv U) Y)r (gl!gz)) = ((Xy YU)rgl)y f—((Xy U’ Y)) (gl,gz)) = ((UXy Y))gz)
The fixed loci in X are indexed by6*,6".

Lemma 2.3.3. The projections f+ map Bs+ 5-y isomorphically to Bs+ or Bs-, respectively. Moreover,
r
RilB 5y = _EBIM(;/;
i=

;
Rolpgi 5-) = @LVT‘
i=1 !
Lemma 2.3.4. The localized T-equivariant K -theory of X_ is spanned by classes of the form

n (A ees =n"Ae [] A*(M].V®RV)V
jeo~

for A€ K(B) and similarly for X, .



Lemma 2.3.5. We have

FM(es-) = H A*(M]\-’ ®RY)Y € K7(X,).

jeb-

Proposition 2.3.6. The following diagram commutes:

Kr(x) —™ 5 kp(Xy)

\Lchf \l/chl{

H:(X)® Sy —% H*(X,)®S.

Here, Uy is an explicit St -linear operator given by the formula

+5- (@)
[UH( a ) :ZC‘S_ﬁJ’ —¢6 .0

eTI(N(S‘) 5+ eF(N(S*) '
where

(xaf’zj—

sin| —5-

r 2

(n=1)(x5+—257)12

Co-o+ =[] e | Zo 7

i=1 j-€6- sin( lzi
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The strategy to prove this result is first to replace cohomology by the symplectic space and replace
the Chern character by the K-group framing. Then we use abelianization for I-functions [Web23] and
repeatedly apply CIJ to each wall-crossing from the X;. We then compose the symplectic transformations
from CIJ and check that it equals the one given above. Finally, a statement about deforming the contour

into the Weyl-invariant part gives the desired result.



Quantum cohomology of projective bundles

3.1 Mirror theorem (Che, Feb 22)

3.1.1 Setup Let X be a smooth projective variety, {¢;};_, be a basis of H*(X), {¢} _, be the dual
basis, and

=) 1i¢; € H*(X).
i=0

We will let

s X d
]X(T):1+£+Z_IZZ(T,...,T i ) &

)
a,nj=0 Z=Y g ps1,a M

which is the J-function in Definition 1.1.3 multiplied by z7!.!. Also, recall the inverse of the fundamental
solution of the quantum D-module

My (1) € End(H* (X)) [z 11Q, ],

which is defined by

. X d
¢ ) QL
2=V on+2,d n!

(Mx(@) i, ¢j) = (Pirpj)x+ Y (PirT,...,T,
d,n

Remark 3.1.1. By the string equation, we have

Jx () = Mx(7)-1.

3.1.2 The vector bundle case Now let V — B be a vector bundle with rkV = 2. This has an
action of C* scaling the fibers. Then we have

HE (V) =H"(B)®C[A].

Now we may take 7°,...,7° to be C[A]-valued coordinates.

Remark 3.1.2. Equivariant localization is required to define the Gromov-Witten invariants of V, which lie
inC[A, A7,

IThis is in fact the older definition of the J-function, but the one in Definition 1.1.3 lies on the Lagrangian cone

34
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In order to avoid this issue, we will assume that V"V is globally generated. This implies that V is
semiprojective, meaning that the evaluation maps ev: V; , 4 — V are proper. As before, we may define
the fundamental solution

My (1) € End(H*(B))[A, 27 '1[Q, 7]

and the J-function
Jt@) = My@)-1.

Because the evaluation maps are proper, they can be defined without localization.

3.1.3 Statement and discussion of the mirror theorem

Theorem 3.1.3. Define the H* (P(V))-valued function

e} ept/zqkekt
Ip)(T,0) =)
20T, Tl (p+6 +c2)

T @),

where § are the Chern roots of V, q is the Novikov variable, and p = ¢1(Op(y)(1)). Then zlpy) (7, t) lies on
the Lagrangian cone of P(V).

Let L(;(ﬂg be the Lagrangian cone for X, which has the explicit form

Qd

n’

s i
(3.1) —z+t@)+). ) ), 4 tw),..., t(w),¢iw’c>§fn+1,d

)
dni=0i=0 (—2)**

Definition 3.1.4. For a set of variables x = (x1, x2,...), we say that f € Hx [x] is a C[Q, x] -valued point on
L?{“g if f is of the form 3.1 for some #(z) € H, [x] with #(2)|g=x=0 = 0.

Example 3.1.5. The point zJx(7)|,—— is a C[Q, 7]-valued point on L(;(rig.

Given this, define L x = L‘;igle_z. By Theorem 1.1.10, we obtain

Lx =JzMx(®)Hs,
T

which means that any C[Q, x]-valued point on £ x can be written as zMx (7) f for some 7 € H* (X)[Q, x]
and f € H, [x] such that T|g=x=0 = 0 and f|g=x=0 = 1. This property will be used to construct the Fourier
transform later.

3.1.4 Proof of Theorem 3.1.3 We will now sketch a proof of Theorem 3.1.3. First, we will need
Quantum-Riemann-Roch for a vector bundle W — X in two cases:

(a) When the vector bundle W is convex, which means that H'(C, f* W) = 0 for all stable maps f: C —
X of genus 0, and ¢ = e(A) is the equivariant Euler class, which corresponds to setting

- logA k=0
Tl -k ks o.

; _ o1
(b) When W is globally generated and c= e} .
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In the first case, we obtain the Gromov-Witten invariants of the zeroes of a regular section Z c X of W
via
. k ko X (Wep) . k ko 2
im%mﬂ// L@ Mo g = X ey any e
- ivd'=d

In the second case, we obtain the Gromov-Witten invariants of W via

k k. X,(W,e; H . k kW
(™, . any™) A =<’*“11//11~~-»“nu’n"%,n,d'

We are now ready to begin the proof. Because V" is globally generated, there is a surjection
O@N _ VV

This gives an exact sequence
0-V-0"N-0Q—-0

embedding P(V) — B x pN-1, By a result of Brown-Elezi, we have

0  optlz k ,kt

Jgxpna (@0 =Y 7°

—Jp(1).
k=0 chczl(l? + CZ)N B

Now define
Q) =n7Qer;0(1)

on B x P, This has a section s given by
m0(-1)— 08N\ —77Q
which satisfies s~1(0) = P(V). Because Q(1) is convex, we use Quantum-Riemann-Roch in case (a) to relate

the Gromov-Witten theory of P(V) to the (Q(1), e;)-twisted Gromov-Witten theory. We now require two
more techinical ingredients.

Moving points on the Lagrangian cone via differential operators
Lemma 3.1.6. Let x = (x1,Xp,...) and y = (y1,¥2,...) be formal variables. Let
FeClzllx1{z0y,,20y,,..)[Q, yI
be a differential operator. Then exp(F/z) preserves C[Q, x, yl-valued points on L.
Definition 3.1.7. A C[Q, 7, y]-valued point f on L is called a miniversal slice if
flo=y=0=z+71+ Oz ™H.
For example, the J-function is a miniversal slice.

Lemma 3.1.8. Any miniversal slice on £ x can be obtained from z]x (1) be applying exp(F/z) for some
differential operator F as in the previous lemma satisfying F|g=y=o = 0.
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The rest of the proof (ignoring convergence issues) First, we introduce
A ._ tk(W)(AlogA-A)/z
AW =e A(W,eil)'

Because log Af}v and logI'(x) have similar asymptotic expansions, we have

k
AREIAY, = TTTTA +6 +c2).
c=1§6

Using the exact sequence
0-V—-0*N-Q—o,
we see that

AAL _ AL
AYAL =Nl on,

which preserves the Lagrangian cone £ 5. We see that
Aé: LB,(V,eZI) — L5
Applying Quantum-Riemann-Roch in case (b), we see that
zJy(2) € Lg,w,e;1y
and thus

Aéz]ﬁ(z) e Lp.

By Lemma 3.1.8, there exists F such that
NyzTy(2) = "Mz fp ().

By Lemma 3.1.6, we obtain

eF(Mza‘)/Z]Bxumel (r,0) € Lp,pn-1.

Now we compute

Mz, 0= (Aé(l))_leF[/1+Za[)/Z]BXPN—1 (tauw)

ept/zqkekt 1
=) =B
=I5, (p+caN
_y PR 0 i abepy bk ek
=01 L ¢ ¢ Y
= c=1

)*1 eF(A+p+kZ) ]B (T)

k
pirz ik kele=1 [leA+pre+ca) aopip,
=) e’"*q% - ~ v ,
k=0 [y (p+c2)

where ¢ runs over the Chern roots of Q. Taking the non-equivariant limit A — 0, we obtain the I(7, ) in
the statement of Theorem 3.1.3.
3.2 Fourier transform (Kostya, Feb 29)
Technically, there are two different Fourier transforms:
1. The discrete Fourier transform QDMg (V) LN QDM(P(V));

2. The continuous Fourier transform QDM (P (V))joc — 69;;& QDM(B).
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3.2.1 Quantum D-modules and symplectic spaces Let V — B be arank r vector bundle.
The quantum D-module of V will be

H3 (V)& Clz,A1Q, 7,

where A is the equivariant variable, Q is the Novikov variable, and 7 = {Ti’k} for i counting a basis of
H* (V) and k records the degree of A. It is equipped with the Dubrovin connection

V: QDMg (V) — z ' QDM (V)

given by

0 -19k
VT,"]C = W+Z lﬂ, ((Pi*—)

Vega, =6Q0q +z27 N (Ex-)
V.,=20;— Z_I(Esl * =)+ Ugl.

Note the last line is only C-linear. Recall the fundamental solution M“,l (T, z) is a fundamental solution in
the cohomology directions (but not the conformal direction) in the sense that

0Lic My = MyV_ik
(eQ0g + Z 1My = My Veqa,

and intertwines the shift operator by

where
S=e,(V)e .

Now, the symplectic space for V is
1 % _
HY = Hy (V) (27 )IQ, 7]

with its Lagrangian cone Ly . It has the important property that f(7) is in £y means that there exists 7(7)
and f € QDMg (V) such that N
f=zMy(@(M),a)f,

which can be seen as a Birkhoff factorization.
We now turn to P(V). There is a decomposition

H* ®(WV)=H* WIpl/[[E+p),
o

where 4 runs over the Chern roots of V. This receives the Kirwan map
x: Hg (V) — H* (P(V)), Kk(A) =p.
Thus the quantum D-module for P(V) is
QDM(P(V)) = H* (P(V)) ® Clz,411Q, 71,

where 7 = {T;} is a basis for H* (P(V)) and g is the Novikov variable of the fiber curve class. It is equipped
with the connections Vz;, Vs, Vo, Vzo,-
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Remark 3.2.1. Note there are no shift operators, but there is an additional g-direction in the quantum
D-module for P(V)

We also have the symplectic space J(p(y), the Lagrangian cone Lp(y), and the fundamental solution
Mp (T, 2). Finally, we will recall the mirror theorem in the form that

Iy = Z K(S—k])ukz)qk
k=0

lies on Lp(v).

3.2.2 Discrete Fourier transform
Definition 3.2.2. The discrete Fourier transform Hy — Hp(v) is the transform
~ _ - JAtkz
k=0

In this framing, the mirror theorem states that the discrete Fourier transform of the J-function of V
lies on the Lagrangian cone of P(V).

Theorem 3.2.3. There exists a “mirror map”
T=7(1)e H (P(V)[q]1Q,7]

and an isomorphism
FT: QDMg (V) — 7* QDM(P(V))

of C[z]1[Q, T]-modules intertwining the connections in the natural ways.

Remark 3.2.4. One has to be careful with the Novikov variables and think about approximately eight other
points of the theorem, but we will ignore these for now.

Because the Fourier transform intertwines the connections, we have the commutative diagram
QDMgi (V) -5 7* QDM(P(V)

Jven lMP(v) F(r)
J—7

Hy ———— Hpwy-

Idea of proof. The idea of the proofis to start from the mirror theorem (the bottom row) and apply Birkhoff
factorization. The mirror theorem states that

(My (D" = M(F(1))Y € Lp)
for some mirror map 7(7) and Y € QDM(P(V)). Using the intertwining properties of M, we see that

(My (T) (P AN = MF(T))2T*V 5 Y.

arhk
Defining
FT(iA") =277V, , Y
and 7T to be the mirror map appearing in the Birkhoff factorization, we are done. O
Remark 3.2.5. The mirror map satisfies
T(T)lg=g=0 =x(T)

and the Fourier transform satisfies
FT(¢iA)|g=r=0 = ¢ p*.

Remark 3.2.6. The Fourier transform intertwines the natural pairings on the quantum D-modules.
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3.2.3 Continuous Fourier transform
Definition 3.2.7. Define

QDM P (V))joc := QDM(P (V) ® Clzl (g~ " Q. 71,
where r’ = r or 2r depending on parity.

Theorem 3.2.8. For j =0,...,r — 1, there exist maps H* (P(V)) — H" (B) given by
~ ~ 2nv=1j 1 " _1 ~
T»—»(j(r)e—cl(V)log(e G qr)+H B) (g~ 71Q,71

and an isomorphism
r—1
®: QDMP(V))ioc = P QDM (B)ioc
j=0
intertwining the pairings and quantum connections in a natural way, namely that

DA =(P{;AD.

Writing ® = (®y, ..., ®;), we have

_rol B
@j(ipDlo=r=0 = 7‘; 7 (i +0(q 7))
Idea of proof. We use another realization of the Fourier transform on QDMg: (V) and

FT: QDMg = 7* QDM(P(V)).

If we consider A%/ arising from Quantum Riemann-Roch, it is given as
A
av=I1 Vo

1 1
A =A% =A} :
v Vl;[ p+A Ves1(V)

M‘Fl)

Shifting by —z, we see that

We now consider the transformation
s f qz (AN My (1) - sdA

for s € QDM (V). Because this integral intertwines S with g and A with zV 44, it formally gives a solution
to QDM(P(V)).
To make sense of this terrible expression, we use the stationary phase expansion of the integral. Setting

I(s)zfe_%l)/l LEAEEL) A,

qo(?L)

where is the Stirling asymptotics of A%, given by

@A) =r(AlogA—-1)—Alogg.
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The critical points of ¢ are given by

a(p(/l) =r(logl) —logg =0,
which tells us that A" = g. Thus, we obtain r solutions

2nv-1j
T

1
/lj:e qr.

We now consider the formal expansions around A ;. These produce a “continuous Fourier transform”
J=3F;)
such that N
I(M™')) = V2rze' = F;()).
These intertwine the quantum connection and multiplication by A, as in
FiAN=Aj+2zq0)F ;)
Fi@8D=qF;U),
so zF;(Jy (7)) is on the Lagrangian cone of B. We then use the following result:

Proposition 3.2.9. We have
FiUv(T) = Mp(oj(T)v;

forsomeoj,vi.

Unfortunately, &; does not intertwine V ;5 correctly. To fix this, define
(i@ =0j(T@)+1l;
and ®; by a shift of v;. O

3.2.4 Discrete equals continuous
Warning 3.2.10. Everything in this subsection may be false.

[11s(-
o
This can be computed either using residues or using stationary phase asymptotics. Using residues, we
obtain

Consider the Fourier transform

+A
P 2 )]éq% dA.

A
Y Resp—o F(—k— i)]‘A,J’kzqg q~,
k=0 z

which is precisely

1 (_p—/t)
HICC:O ep+?Lz(V) z )

Using stationary phase asymptotics, we obtain the I(s) defined previously.



Quantum cohomology of blowups

4.1 Setup (Kostya, Mar 07)
Let X be a smooth projective variety, Z c X be a smooth closed subvariety of codimension r, and
@: X=Bl;X—-X
be the blowup of X with center Z. Denote the exceptional divisor by
ji=D=P(Ngx) — X.

As a vector space, there is an isomorphicm

r=2

H"(X)=H*(X)e P H"(2).
i=0

Our goal is to upgrade this to the level of quantum cohomology. However, this is very tricky because of
convergence issues, so it will be a corollary of a decomposition theorem for quantum D-modules.
Recall that the quantum D-module of X is given by

QDM(X) = H* (X)[21[Q, 7]

with the Dubrovin connection
Va, ’ VanQ ’ vzaz
and pairing

(f(z),g(z))=fxf(—z)g(z).

4.1.1 Statement of the theorem The first problem we need to fix is that the cohomological and
Novikov variables of X, Z, X are different.

Definition 4.1.1. The extended Novikov ring is defined as
CIQ1 = C[Q,xy ™, Q" Ty 1P,
where d € NEy(X) and d € NEy(X).

42
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Introducing another formal variable g, we can embed the Novikov rings of Z, X, X into C(]q_§ DIQl,
where s is either r — 1 or 2(r — 1) depending on the parity of r (we want s to be even):
¢ C[Q] embeds as Qd — Qd;

« C[Q] embeds as Q¢ — Q¢+4q~P\d,
¢ C[Qz] embeds as Qg — Q‘*dq*%, where pz = ¢1(Nz/x).
Later, we will see that g = yS™!, where S™! will be an equivariant variable for a C* action. Denote
QDM(X)™ := QDM(X) ®cjo; CIQI.
We can now state the main result.
Theorem 4.1.2. There exists a formal invertible change of variables
H*(X) - H*(X)® H* (2)*"™"
denoted by
7— (r@. {01 )
and an isomorphism
¥: QDM™(X) = 7* QDM(X)“ & réDZ ¢ QDM (2)!2
j=0
such that 'V intertwines the quantum connections and the pairings.

4.1.2 The master space

Definition 4.1.3. Define the master space

W :=Blyy o X xP' L X x P!

to be the degeneration to the normal cone of Z c X. This is endowed with a T = C*-action extending the
action
A(x,u) = (x,Au)

for (x, u) € X x PL. See Figure 4.1 for a picture of W.
The fixed locus of the C*-action is given by
w =xuXuz.
We can also see that
N3 (W) =@*Np(X xPY) e Z[D]
=N' (X)o7’ 3 (0 t,¢ a).

Note here that
Ni(XxPYH=pri N'(X)eZ[X]®ZA,

so a general class in NIT (W) can be written as

P pri o+ t[X] —¢[Dl+a-A.
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X = X x {oo} . t
Z x P! H

Z €

X D 0

Figure 4.1: W = Blz,0;(X x P!) and a moment map u: W — R

The dual notion is the group of 1-cycles, which is given by
NfwWy=NnX)eZ33d, k,t,m) =B,

whose Novikov variable is
Note that
(X1-B=k, —[D]-p=2¢.

The effective curve classes are those which are equivariant, so they either lie in the fixed loci or are
1-dimensional orbits. There are classes C; lying entirely inside X, classes C,, which are x x Pl forxe Z,
classes C3 ¢ Z x P!, and classes C4 D. The corresponding Novikov variables are Qd,x, xy’l, and y,
respectively.

Lemma 4.1.4. The monoid of effective curve classes is generated by Cy,C», C3, Cy, S.

Example 4.1.5. Let X = P! x P! and Z = (0,0). Then a toric diagram for W with C;, C,, Cs, Cy is given
in Figure 4.2.

The T-ample cone C7 (W) of W is the dual to the cone of effective curve classes. Then ® € C7 (W) if
the set of @-stable points under the C*-action is nonempty. Then there is a decomposition

Cr(W)=CxuCy

into pieces where the GIT quotient
W/)sT=XorX,

respectively. The stable points are
¢ For & € Cy, the stable points are X x C*;
* For @ € Cy, the stable points are O (-D) \ X.

The dual cones Cy and CY, correspond to embeddings of the effective cones of X and X, respectively,
into the effective cone of W as in Figure 4.3.
Recall the Kirwan map
Ky: HE(W) — HEp(WS) = H* (Y)
Kyt NEn(Y) — N{ (W),
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1
|
: G
!
!

C Cyc Zxp!

'
’ C4

D
Figure 4.2: Toric diagram of W for X = P! x P! and Z = (0,0) with curve classes Cy, Cy, C3, C;.

NE(W'
x571

ys1 yis

Figure 4.3: A schematic picture of the cones Cy and C} in N} (w).

where Y is either X or X.
Now consider the equivariant quantum D-module

QDM (W) = Hp(W)[2]1Q,0]
endowed with the quantum connection and the action of the shift operators
Sp6), PeN/W)=EN(X)eZ,

which are defined by
§P6)= Q< y'sO)™,
where f is identified with (d, k, ¢, m) under the factorization N (X) & Z3.

We can obtain the quantum D-modules for X and X from the equivariant quantum D-module of W
by taking affine charts and completing. Here, we think of QDM (W) as a global Kdhler moduli space.
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M x

xy! xy'q

Figure 4.4: Global Kdhler moduli space associated with QDM ¢ (W). See also Figure 4.3.

4.1.3 Fourier transforms To construct the map in Theorem 4.1.2, Iritani uses both the discrete
and continuous Fourier transforms. For f € Hy, the discrete Fourier transform is given by

Fy(f) =Y Sy Ff) e H.
kez

The continuous Fourier transform for Z € o (W) is given by sending f € Hy to the element of {7 given
by the formal asymptotic expansion of

f MBI AT, dA.

Remark 4.1.6. We can think of X and X either as fixed components X Xe€ ﬂg(WT) (corresponding to
the continuous Fourier transform) or as GIT quotients W //5 T, corresponding to the discrete Fourier
transform. These are in fact equal up to a factor.

Note that Z is not a GIT quotient of W, but is a fixed component, so there is a continuous Fourier
transform to W. In total, we have three morphisms

QDM(X)

QDM (W) —— QDM(X)

r—1

QDM(Z).

4.2 Fourier analysis for blowups (Sam, Mar 21)

In this section, denote the Chern roots of Nz, x by €1, ..., €.

4.2.1 Extended Kirwan maps We will begin by describing the Kirwan maps in coordinates. On
H3(W), we have
Kx: @ pria—a
[X]—0
-[D1—0
A—0
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forY=X
Kz: @ pria—¢*a
[X]—0
—[D]— -[D]
A— [D]

for Y = X. The dual Kirwan maps on N; (Y) are given by

Kyt Ni(X) — N{ (W) = Ny (X) @ ZAY @ Z[X]"Y  Z(~[D))"
d — (d,0,0,0)

Y N(X) = N[ (W) = Ni(X) @ ZAY @ Z[X]" @ Z(~ (D))"
d— (¢.d,0,~1D]-d,[D]-d)

o
z

when Y = X and Y = X, respectively. It may appear that we don’t see the equivariant parameters in the
dual Kirwan map, but we will fix this.

Definition 4.2.1. The extended Givental space is
HY" = H* (V)[2*1ICy pl,
which is a base change of Hy.

The shift operators on f]-fa/“t = H* (W)[Z*][Q] are now given by

~ loc
SL*(nyfZ)f)?) = (8f|X)8f|Z)Sf|}?)r
where
Mo (-A+cz) _
gkp = ok % k20
Ix M5 (~A+cz) Ix
kH0=—mH;=1(5i ~A+c) 0 _ (A +c2) ok
MK T, (6i = A+ c) TTE oo (A +c2)

Mo___ _(ID1+A+cz) _
ske. = 0 e k201 £
Jx MF__ (D] +A+c2) Ix

8fr=y fx

4.2.2 Discrete Fourier transform We are now able to make the following definition.
Definition 4.2.2. The discrete Fourier transform is
Fy: 303Q71 - HEQ ™,
defined by
Fy(f)= ) Sxy8 /).

kez

Because we invert the equivariant parameters, this may not necessarily be well-defined. However, we
do have the following result.

Proposition 4.2.3. The discrete Fourier transform Fy is well-defined on tangent spaces to Ly .
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To prove this result, we need various ingredients:
1. Some regularity at A = 0, which follows from properness;
2. Not needing arbitrarily high powers of Q7! (landing in the target).

As in the case of projective bundles, the shift operators satisfy various nice properties. For example,
because
(A, 8% =28,

we obtain the formulae

Fy(8°f)=S'Fy(f)
Fy(f)=(2§Q0¢q +xy () Fy(f)

forany¢ € HZT(W).

4.2.3 Continuous Fourier transform Let Fe {X, X, Z} be a fixed component in W'. Denote
the Chern roots of Ng, by py, ..., p,. Now define

1 P —_
Gpi= ];[ = Zr(%’).

More specifically, for each individual fixed component, we have

1 A (A
Gx = —(—Z)ZF(—)
-2z z

1 A (A L Aei (A—¢€;
Gz=—=7(-2 ZF(—)H(—Z) z F(—)
V=-2nz Z Ji=1 4

oo | (Z)Mr([D]—/l)
X_\/—Zﬂz ¥4 ’

This G actually intertwines all gﬁ, which are defined for all

BeN] (W) — Hy(BT) 3 p.

Given F, we have
ok(F) € Ny(Ex) — N{ (W),

which are obtained by section classes on Ej, as in Figure 4.5. Now G satisfies the equation
Ge 8P f1p = (QP*or P e PGy f,
which follows from the same argument as in the projective bundle case.

We are now able to describe the continuous Fourier transform formally as an integral which has the
same properties as the discrete one. Define

Sr
FT: f-—»fe’“ogTprpd/l,
where Sy = 01 (F). Formally, we see that
FTJ° (gﬁf) = f e/llogSTF Qﬂ+a1 S) ezﬁlog%‘? GrfrdA

= PFT(p),
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Figure 4.5: Toric diagram of Ex when X, Z are as in Figure 4.2.

which suggests that this is the right object to study the asymptotics of. Recall the Stirling approximation

-1 | ) B n-1
Pi

z n=s n(n—1) E
aloga -«
= ) —rag——logAa),
aewts(Ng w) 2
where we have the decomposition
Neiw =N,
a

P = c1(N?) is the first Chern class, r, = TkN%, and A, is the quantum Riemann-Roch operator. We now
obtain

MogSp—Y o ra(aloga-a) _
S"iT"o:fe—z [Ta5" frda.
a

We have a critical point

where
-1 F=X
cr=11 F= X
—(r-1) F=_Z.
Also, for j =0,...,|cr|l — 1, we have critical points
2nv/=1j
/1]' =e °F Ag.

Definition 4.2.4. The continuous Fourier transform is given by the asymptotic expansion

s A
fe/llogTFGFde/l = \/2nzer7]ff"Ej(f),
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where we take the asymptotics as z — 0 and substitute

A=A1jexp

and expand in u-powers as u — 0.
Via taking a formal asymptotic analysis of what we did before, we have
Proposition 4.2.5.

1. The continuous Fourier transform intertwines the shift operators as
T 8P )= PFp;(;
2. The continuous Fourier transform intertwines the equivariant parameter via

FrjAf) = (2S+A)TFE;(f).

3. There is a similar property for the Euler vector field.

Now let
T =TT ().

Proposition 4.2.6. There exists
_1 P *
() € H* (F)IS,*,QrS™ ¢, 1S5]

and
PE

_1 *
v(1) € H*(F)[211S,¢,QrS™ ¢ , 1St ]

such that
PE

_PE _PE
T =8k Me((DQrS, “)v.

In other words, we can recover QDM from F;; after a change of basis and an étale cover of the Kéhler
moduli space.

Proposition 4.2.7. The discrete and continuous Fourier transforms agree for Y € {X, X }. In other words, we

have

1 Py

St Ty () = 'S, T Fy ().
4.3 Decomposition (Sam, Mar 28)

4.3.1 A general picture We begin by stating some general conjectures that the blowup result fits
into.

Conjecture 4.3.1 (Dubrovin). Let X be smooth and projective. If there exists a semiorthogonal decomposi-
tion
D(X) =(D"(X1),..., D" (X)),

then there is a decomposition
QDM(X) = D QDM(X;).
i
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More specifically, if X admits a full exceptional collection, QDM (X) can be extended to O*"[z]. In addition
the Gram matrix of the pairing y(—,—) on K(X) is recovered as the Stokes matrix

_ -1
S= cDargZE(—ﬂ,0+€)(I)argze((),n)

of flat sections of the irregular connection
1
z0,+—Ex *; +Uux.
z

On the level of derived categories, we have a decomposition
DP(X) =(D"(X),D"(2)q, .., D"(Z);-2),

so we expect a decomposition

QDM(X)= @  QDM(X),.
HeSpec(Ex k1)

In the limit Q7 — 0, we obtain QDM(X) at u =0 and r — 1 copies of QDM(Z) at roots of unity. The shift
away from p = 0 will correspond to the shift of saddle points in the Fourier transform.
In the equivariant setting, we have semiorthogonal decompositions

DA (W) =(DP°(W [y T),...).
We then expect
Conjecture 4.3.2. SettingW [/g T =Y, then

I:=Y xy(SPIw@)s°
B

lies on the Lagrangian cone of Y.

4.3.2 Decomposition of the quantum D-module First, we would like to give a more precise
formulae for the quantities appearing in Proposition 4.2.6. First, 7 is given by

T|Q:0=th+"-,

where

N, N,
.. c1(Np/w) +Z(rka W, c1(Nriw)
c

hpj=2mij —c1(Ng ) |-

F a

Then we have
Vlg=0=qgj(1+--),

kg
arj=\/cg' A [ [(war) >
a

where

mij
forAj=e r Ao.

For X, X, the continuous Fourier transform F rj intertwines SP and A with &S % and Egv *7 +pw with
Eg % +ux+ % On the other hand, for F = Z, the critical points are different, so there is a shift in A. For
example, we have

0
?Ej(/lf) = (ZSEs +/1j

Frr(f)
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because the integral satisfies the formula

S
z

zs% / o8 E0-A) G dA = f (A-A,)e8 = A=A £Gda.
A similar argument yields
1
ffp,j((zaz + g+ z)f) = (20, +z ' (1 (F) + cpdj + up) FEj ().

We next need a space on which to compare QDM (X), QDM(X), and QDM (W) via the dual Kirwan
maps. Define
QDM(Y)**":= QDM(Y) ® C[Cy ]

and extend V trivially on C;N. As in Figure 4.4, we have 01z and My, but we also need
My = SpfClz] INEL, (W)1[6].
The three charts can be compared on the chart
T _1
U =SpfC[z] [NEy(W)] 01(g~s).

The comparison of the effective cones of curves is given in Figure 4.3.
The comparison also requires a completion and localization of QDM 4 (W). In order to compare with
QDM (X) we need the action of extended shift operators SP. Define

QDM (W) :=CICg \ ]-QDM (W) QDM (W)(Q™H.

The completion is given by
QDM (W) = QDM (WIS, yS™'].

Now let
T0)=xS+---
v@)=1+---
TO@)=S+---
7@ =1+---
such that

Fx(Uw(0)) = Mx(t(0))v(0)
FzUw(0)) = Mz (T(0)v(6).

By taking derivatives 0k, the Fourier transform is lifted to a map of quantum D-modules.
Theorem 4.3.3. There is an isomorphism
FTg: QDM (W) — 75 QDM(X)*™

and a projection
FTx: QDM (W) — 7* QDM(X)™".

They intertwine the quantum connection and the pairing up to a 5 shiftin .
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These extend to the completions, but we will not prove this here.
For F = Z and any j, there are coordinates

Uj(e):hZ,j+"'
u]](@):qz‘]+

such that
c1 (N,

ziw)
q Tz Fzi(Jw@) =M(0o;0)u;0).
Theorem 4.3.4. There are projections

IETZ,]' : Q/DT/IT(W)X — o—}’f QDM(Z)ext,loc

which intertwine A with zV sy, + Aj and zV¢gg, with ZVgp. + Iptsla=1,. Here, QDM(Z)®X1oC js defined by

the extension
aWNgw)d

-1 d (t2)sd —=—H
Clz][Qz,01 — Clzllgs11Q,01 Qz—Q q r-l
We will now shift our variables in order to make our comparison. Let
¢j@)=0;0)—-(r—1A4;.

Then
FTY, ;: QDM (W) — ¢} QDM (Z)®xbloc

intertwines the quantum connections up to a % shift in pz. Combining the Fourier transforms for the
different fixed loci, we obtain

Theorem 4.3.5 (Main theorem). The diagram

7* QDM (X)Xt

IS = N
T QDM(X)™ —% QDM (W)

\ealjﬁi‘Z.]‘

@j C; QDM(Z)eXt,lOC

induces an isomorphism

7*QDM(X)®™ = 7* QDM(X)™' & @C; QDM(Z)ext,loc
i

over 3l that intertwines the quantum connections and Poincaré pairings.
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