0. INTRODUCTION

Our aim is to pursue the following speculative analogy:

Genus 0 GW invariants of a variety V' | ~» | Frobenius structure on M C H*(V,C)

DT invariants of a CY3 A-category D [ ~> | Joyce structure on M = Stab(D)

It seems to have something highly non-trivial to say about non-perturbative aspects of topo-

logical string theory. For example for the CY3 category associated to the Ay quiver we end up

considering the Painlevé I 7-function! But so far we can only deal with a few simple examples.

Remarks 0.1. (a) A Joyce structure is something like a non-linear analogue of a Frobenius

structure, obtained by replacing the structure group GL, (C) by the group of symplectic

automorphisms of an algebraic torus (C*)".

The relation with enumerative invariants in the two cases is completely different. Both
structures involve pencils of flat connections on the tangent bundle. In the GW case the
connnection 1-form is given by the triple partial derivatives of the g = 0 GW generating

function. In the DT cases the connections are given implicitly by their Stokes data.

The top arrow is not so well understood if one wants genuine rather than formal Frobe-
nius structures. The bottom arrow has a more global flavour from the start, and is
even less well understood. We will at least need to assume a sub-exponential growth

condition on the DT invariants

S 1()le M < oo,

YELO™

This is expected to hold for the derived category of coherent sheaves on a local Calabi-
Yau threefold but not for compact ones. There are lots of examples of D defined using

quivers with potential where it holds.

1. LECTURE 1: STOKES DATA

We explain the definition of Stokes data in the simplest possible case. Then we explain why

DT invariants can be viewed as non-linear Stokes data.
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1.1. Stokes data. Since passing from Frobenius to Joyce structures involves changing the
structure group it is worth being a bit pennickety about this now. Fix a finite dimensional
complex vector space T" and set g = gl(7') and G = GL(T'). Choose a Cartan subalgebra b C g.
We the get a root system ® C h* and a root decomposition g =bh @ @ .4 ga- Define

e ={Ueh:Ula)£0forallacd}Cg, ¢ =g Co
acd
Example 1.1. We can take T" = C" so that g = gl,,(C) is the space of n X n matrices and take
h C g to be the subspace of diagonal matrices. Then ® = {a;; = eyi* — e;:1<i,j< n} and
go;; = C - Eij. The subset h™® consists of diagonal matrices with distinct eigenvalues and g°d

is matrices with zeroes on the diagonal.

Define a meromorphic connection on the trivial G-bundle over P*

V:d—(g+z>de.
€

€2

Remark 1.2. We can equivalently think of V as a connection on the associated trivial vector
bundle Op1 ®c W. The above G-bundle is the frame bundle of this. Flat sections of the

G-bundle connection are given by bases of flat sections of the vector bundle connection.

The connection V has a regular singularity (simple pole) at € = oo but an irregular singularity

at € = 0. We should consider the generalised monodromy data at this point.

Definition 1.3. A ray { = R.o-( C C* is called Stokes if it is of the form R U(«) for a € .

Ul — u3
U2 —u3

up —u2

In general there will be %n(n — 1) Stokes rays but for non-generic U they could have collided.

Theorem 1.4 (Balser, Jurkat, Lutz, 1970s). For each non-Stokes ray r C C* there ezists
a unique flat section Y,: H, — G of V defined on the half-plane H, centered on r such that

Y,(e)-eY) =1 as e — 0.

Note that if V' = 0 the flat sections of V are given by Y (¢) = C - e~V/< for C € G.
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Definition 1.5. The Stokes factor S, € G associated to a Stokes ray ¢ C C* is defined by
Y,_ (6) - YT+ (6) - Se,

where 71 = exp(%ind) are small non-Stokes perturbations of /.

gt
oo

T+
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Exercise 1.6. Show that

Sy € exp ( ga> cG.
U(a)et
If we fix U we get a holomorphic (but not algebraic) Stokes map Sy : g°¢ — g°¢ sending an

element V' to the sum of the elements log(Sy) over the set of Stokes rays /.
Theorem 1.7. For each U € h™8 the Stokes map Sy is a local biholomorphism.

That is, after having fixed U, we can uniquely reconstruct the connection V from its Stokes
data, at least locally. We will see how to do this in practice later using Riemann-Hilbert prob-
lems. To get a complete reconstruction one must add a discrete amount of extra monodromy

data (a choice of the log of the monodromy, and the central connection matrix).

1.2. DT invariants as Stokes data. Consider a CYj3 triangulated category D. Assume
I' = Ko(D) = Z®". Recall the skew-symmetric Euler form

([E],[F]) =Y (~1)" dim¢ Homp(E, F[i]): T x T’ — Z.
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Introduce the algebraic torus

T = Homg(T',C*) = (C)",  C[T]=EPC-x,.

yer
with the invariant Poisson structure
{za, 25} = (@, B) - Tavp-
Let 0 = (Z,P) be a stability condition on D. Given extra assumptions we get DT invariants

DT,(v) € Q and Q,(7) € Q related by the multi-cover formula

DT, ()= Y

n2

neNy=na«a

A ray ¢ C C* is called Stokes if £ = R - Z(7) for some class v € I' with DT, () # 0. There
are countably many Stokes rays in general. The following picture is for a stability condition on

Db Coh(X)) with X the resolved conifold.

Oc(l) Oc Oc(-1)

Oc[+1]

Try to define, for each Stokes ray ¢ C C*, a Poisson automorphism S,: T — T:

S;(z) = exp{ Z DT, (7) - -, _}(1'18) =4 H (1 — 2,208
(et

Z(v)eL

We are ignoring quadratic refinements here: really we should replace T by a torsor over it
which introduces some signs. In any case work is required to make rigorous sense of S,. Three
possible approaches are:
e Assume there are only finitely many nonzero Q(v): then the S, are well-defined bira-
tional automorphisms of T,
e Assume a sub-exponential growth condition on the DT invariants

Z |Q<7)|67RH7H < 0.

VELOT



Then the S, are well-defined on analytic open subsets of T.

e Work with formal series: replace Aut Clz'] with Aut C[[z;]]. This allows a rigorous

statement of the wall-crossing formula but is not good for more global statements.
Consider the Lie algebra
g = vecti_ _1(T) =h & g™
of algebraic vector fields on T whose flows preserve {—, —}. Temporarily assume that (—, —)

is non-degenerate. The Cartan subalgebra consists of translation-invariant vector fields:
h =T.(T) = Homy(T', C).
The subalgebra g°? consists of Hamiltonian vector fields:
' =Pe.=PcC =,
yel'x yeI'x

The root system is I'* = I' \ {0}, and the root decomposition of a function is its Fourier

decomposition. Note the lack of a well-defined exponential map (time 1 flow)
exp: g = vect{_ _1(T) --» G = Auty_ _1(T)
The S, defined above look like the Stokes factors for a meromorphic connection on the trivial

G-bundle over P!
Z H
VJ:d— ( + amF)dev

€2 €

where Z € b is the central charge Z: I' - C, and F = ) F, -z, € g°¢ is a function on T.

yel'

Further evidence for this comes from the wall-crossing formula.

2. LECTURE 2: FROBENIUS AND JOYCE STRUCTURES

A (tame) Frobenius structure on a complex manifold M is essentially an isomonodromic fam-
ily of meromorphic connections of the type considered last time. Replacing linear connections

by non-linear connections leads to the notion of a Joyce structure.

2.1. Frobenius manifolds and iso-Stokes. A Frobenius structure on a complex manifold M
consists of a holomorphic metric g, a commutative and associative multiplication *: Th; X Ty —
Ty, and identity and Euler vector fields e and E subject to a system of axioms.

The most well-known consequence of this structure is a pencil (= 1-dimensional family) of

flat, torsion-free connections on the tangent bundle

VOY)=VEY) + e 'X %Y.
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Here ¢ € C* C P! is the parameter in the pencil, V*¢ is the Levi-Civita connection for the
metric g, and X and Y are vector fields on M.
In fact this pencil is part of a bigger structure. Consider the projection p: M x P* — M.

Then there is a flat meromorphic connection on the bundle p*(Ty,) by the formula

u Vv
V=p(V9 +elo - <—2 + —) de.
€ €
Here © € T;; ® End(Ty) is given by Ox(Y) = X xY and U,V € End(7T)) are given by
UX)=Ex+X and V(X) = VEY(E) + 3(d — 2) - X. The constant d € C is the charge or
conformal dimension of the Frobenius structure.

For each m € M we can restrict to p~'(m) = P! to get a connection

V= d- (%+ﬁ)de.
€

€2

of the form considered above, where W = T);,,. The multiplication gives a map W — g =
gl(W) and when the multiplication is semi-simple this is injective. Since the multiplication is
commutative the image h C g is a Cartan subalgebra, and we have V € g°d. The Frobenius
manifold is called tame if U € § has distinct eigenvalues: then we are in the setting considered

above.
The fact that the connections V,, for different m € M are related by the sideways connection

implies the Stokes factors of V,,, are constant. More precisely, since the Stokes rays may collide

and separate as U, varies, the correct way to state the iso-Stokes condition is the following.

Theorem 2.1. For any convex sector A C C* the clockwise product

Sa(m) =] Si(m) € G

LeA
is constant as m € M wvaries in any domain where the boundary rays of A are never Stokes.

The wall-crossing formula in DT theory is the exact same statement for the DT automor-
phisms S, consisdered above. We see that over Stab(D) there should be an analogue of a Frobe-
nius structure where instead of linear automorphisms of C" we deal with Poisson automorphisms
of (C*)™. For simplicity we assume the Poisson structure / Euler form is non-degenerate. Thus
we replace pencils of flat linear connections with pencils of non-linear symplectic connections.

This gives the notion of a Joyce structure.
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2.2. Non-linear connections. Let 7: X — M be a map of complex manifolds. Consider the

tangent sequence
0— VX/M —l) TX i> W*(TM)
where 7, is the derivative of 7 and Vx/ys C Tx is the sub-bundle of vertical tangent vectors. A

non-linear connection on 7 is a splitting of this sequence:
h: 7 (Ty) — T, meoh=1id.
Then 7 is necessarily a submersion, and the tangent bundle
Tx = Vx/u @ im(h)

decomposes into vertical and horizontal directions.

Given a path v: [0,1] = M and a point x € 7 !(7(0)) we obtain a lifted path
a:[0,¢] - X

for 0 < € < 1 defined by the conditions «(0) = = and &(t) = h(¥(t)). Varying x in a small
neighbourhood Uy C 77*(7(0)) we obtain parallel transport maps

PT(y): Uy C 7w ' (7(0)) = Uy C 7w (7(1)),

well-defined for 0 <t < 1 and Uy C 7 !(7(0)) small enough.

The connection h is called flat if it satisfies
h([wy, wo]) = [A(w1), h(w,)]
for any vector fields w;,ws on M. Then PT(y) depends only on the homotopy class of 7.

2.3. Pre-Joyce structures. Let M be a complex manifold with tangent bundle 7: X =

Tn — M. There is a canonical isomorphism v: 7*(Th) — Vx/u coming from
VX/M,:C = Tﬂ—l(ﬂ(x)),x = TTM,,F(I),x = TMJI’(.Z’) = 7T-*(ij)av

Take a non-linear connection h: 7*(Ty;) — Tx, and set v = iov. We get a pencil of connections

he = h + e v depending on ¢! € C.

0 Vx/umr LTy

Definition 2.2. A pre-Joyce structure on a complex manifold M consists of

(i) a holomorphic symplectic form w on M,



(ii) a non-linear connection h on the tangent bundle w: X = Ty, — M,
such that each connection h, = h + ¢ tv is flat and symplectic.
Here we say that a connection on 7 is symplectic if the partially-defined maps
PT(Y): Trm = Toarm,

are symplectic, i.e. take w,, to w,,.

2.4. In co-ordinates. Take co-ordinates z; on M and write w = ) ._.w;; dz; A dz;. Assume

1<j

w;; is a constant matrix (so we have more-or-less chosen Darboux co-ordinates) and let 7;; be

the inverse matrix. Writing tangent vectors in the form ). 6; - % gives co-ordinates z;, 6; on

”(aaz) - a%’

and the symplectic condition gives Hamiltonian functions W;: X — C such that

“(aaz):a%’ h(@z) 621 Z"”q 62

Flatness implies that W, =

X =Ty The definition of v gives

80 , where W: X — C must satisty

02 W oW o
00,0z 59 az, Z"pq 00,00, 00,00,

These are known as Plebanski’s second heavenly equations.
2.5. Complex hyperkihler structure on X = T);. A non-linear connection h on 7 gives

We get a holomorphic metric g and an action of the quaternions on T'y:

0 w i1 0 0 -1
g:(w 0)’ IZ(O —i-l)’ ‘]:(1 0>’ K=1J

The essential point here is that H ®r C = Endc(C?).

Theorem 2.3. The operators I,.J, K preserve the metric g and are parallel for the associated

Levi-Clivita connection precisely if the connections h. are all flat and symplectic.

Thus a pre-Joyce structure on M defines a complex HK structure on X = T},.
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2.6. Definition of a Joyce structure. A Joyce structure is a pre-Joyce structure with some
extra symmetries.
Definition 2.4. A Joyce structure on a complex manifold M consists of
(i) a pre-Joyce structure (w, h) as above,
(i) an integral affine structure TZ C Ty,
(iii) a C*-action on M,
satisfying the following conditions
(i) the connection h is invariant under translations by T% C Ty and hence descends to the
bundle T = Ty /T% — M whose fibres are isomorphic to (C*)",

(ii) Let E be the generating vector field for the induced C* action on X. Then
Lieg(g) =g, Lieg(I) =0, Lieg(J £iK)=F(J+iK)
(iii) Let —1 denote the involution of X acting by —1 on the fibres of 7. Then
(=D"9) = =g, (D)) =1, (=1)"(J+iK)=—(J+iK),
In appropriate co-ordinates as above the conditions (i)-(iii) become
(i) Wz, - 20,00+ ki, 0+ k) =Wz, 2,00, ,6,),
(i) Wtz - tzn, 01, ,0,) =t W (21, 20,01, 0n),
(iil) Wiz1, -, 2n, =01, ,—0,) = =W(z1,- -+, 2n, 01, ,0y).



