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Abstract  Many quantum field theories in one, two and four dimensions possess remarkable limits
in which the instantons are present, the anti-instantons are absent, and the perturbative corrections
are reduced to one-loop. We analyse the corresponding models as full quantum field theories, beyond
their topological sector. We show that the correlation functions of all, not only topological (or BPS),
observables may be studied explicitly in these models, and the spectrum may be computed exactly. An
interesting feature is that the Hamiltonian is not always diagonalizable, but may have Jordan blocks,
which leads to the appearance of logarithms in the correlation functions. We also find that in the models
defined on Kahler manifolds the space of states exhibits holomorphic factorization. We conclude that in
dimensions two and four our theories are logarithmic conformal field theories.

In Part I we describe the class of models under study and present our results in the case of one-
dimensional (quantum mechanical) models, which is quite representative and at the same time simple
enough to analyse explicitly. Part II will be devoted to supersymmetric two-dimensional sigma models
and four-dimensional Yang—Mills theory. In Part IIT we will discuss non-supersymmetric models.
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1. Introduction

For a large class of models of quantum field theory there is a particular limit in which
the theory may be analysed exactly in the presence of instanton effects. The sim-
plest are the (twisted) supersymmetric models, in which the path integral measure is
defined in a straightforward way. Classically, these models are described by first-order
Lagrangians. The corresponding path integral localizes on certain finite-dimensional mod-
uli spaces of classical (instanton) configurations. Therefore, in the path integral descrip-
tion the correlation functions of the corresponding quantum system are given by inte-
grals over these moduli spaces. Such correlation functions have been studied in the
literature, but attention has been focused almost exclusively on the correlation func-
tions of the BPS observables, which represent cohomology of a supersymmetry charge
of the theory. These correlation functions comprise the BPS (or topological) sector
of the model and give rise to important invariants, such as the Gromov-Witten and
Donaldson invariants (in two and four dimensions, respectively). However, the know-
ledge of the topological sector is not sufficient for understanding the full quantum field
theory.

In this paper we go beyond the topological field theory of these models and investigate
the correlation functions of more general—mon-BPS, or ‘off-shell’—observables in the
presence of instantons, i.e. non-perturbatively. We show that in the special limit of the
coupling constant that we are considering (namely, 7 — o0, see below) the quantum
model may be analysed and solved explicitly, both in the Lagrangian (or path integral)
formalism and the Hamiltonian formalism. We describe the space of states of the quantum
theory and show that a large class of observables (satisfying certain analytic properties)
may be realized as operators acting on this space. Their correlation functions are then
represented by the matrix elements of these operators. These matrix elements agree
with the path integral representation of the correlation functions (given by integrals
over the moduli spaces of instantons), and they also satisfy the usual identities, such as
factorization over the intermediate states.

We find some interesting and unexpected features in our models. One of them is the
fact that the Hamiltonian is non-diagonalizable on the space of states, but has Jordan
blocks. This leads to the appearance of logarithmic terms in the correlation functions.
Another feature is holomorphic factorization of the space of states in models defined
on Kahler manifolds. In particular, we find that two-dimensional supersymmetric sigma
models and four-dimensional super-Yang—Mills models are logarithmic conformal field
theories in our limit.

1.1. Description of the models

We begin by describing in more detail the class of models that will be discussed in
this paper. These models appear in one, two and four space—time dimensions and are
described by the actions which are written below (note that all of our actions are written
in Euclidean signature).
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One dimension

We start with the supersymmetric quantum mechanics on a compact Kéhler manifold
X, with the Kéhler metric \g, equipped with a holomorphic vector field £. We will assume
that £ comes from a holomorphic C*-action on X with a non-empty set of fixed points
which are all isolated. We modify the standard action [38] by adding the topological
term —idd f A, where A is the 1-form obtained by contracting ¢ with the vector field ¢ +&
(our assumptions imply that A = df, where f is a Morse function on X). We allow 9 to
be complex.

We then set 7 = 9+i), 7 = 9—iX (note that they are not necessarily complex conjugate
to each other because 9 is complex). Consider the limit in which 7 — —ioco, but 7 is kept
finite (which means that A — +oo and ¢ is adjusted accordingly, so that it has a large
imaginary part). In this limit the model is described by the following first-order action
on a worldline I:

S__,/ axe e ax*
- e Uae Y Pa\ "qe 7"

dy®  Ov° _(dypr 0p* - )
7Ta< Eraie aqupb) ﬂa(dt awab>)dtlT/A, (L.1)

where the X are complex coordinates on X and & = v*(9/0X%).

The quantum model is described by the path integral f e~ over all maps I — X.
This path integral represents the ‘delta-form’ supported on the moduli space of gradient
trajectories, satisfying

dxe
=" 1.2
@ =Y (1.2)

This is the instanton moduli space in this case.

Two dimensions

We start with the twisted (type A) AV = (2,2) supersymmetric sigma model with
the target compact Kéhler manifold X with the Kahler metric Ag and the B-field B =
B, dX® AdX?, which is a closed (complex) 2-form on X.

We then set

Tap = Bap + %i)‘gaE’ Tab = Bap — %i)‘gal_f
In the limit when 7,; — —ico, but the 7,; are kept finite (which means that A — co and
the B,; have a large imaginary part), this model is described by the following first-order
action on a worldsheet X'

—i / (Pa0: X" + Pa0. X — 1,0:0" — T,0,0") A%z + / 7,5 dX* A dXP. (1.3)
X x

Thus, this model is a particular modification of the ‘infinite radius limit’, achieved by
adding to the conventional second-order action of the sigma model the topological term
(B-field) with a large imaginary part.
The path integral [ e~ over all maps ¥ — X localizes on the moduli space of holo-
morphic maps, satisfying
0:X*=0.
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Four dimensions

We start with twisted A/ = 2 supersymmetric gauge theory on a four-manifold M*
with compact gauge group G, coupling constant gyn and theta-angle 9, which we allow
to be complex.

We then set

) n 47 B ) 47
T=— , T=—— .
2 g3y 2T ¢3u
In the limit when 7 — —ioo, but 7 is kept finite (i.e. gyp — 0 and ¥ has a large imaginary

part), this model is described by the first-order action
S = —i/ (tr PT A Fy + 7tr F5 A Fy + fermions).
M4

This model is a particular modification of the ‘weak coupling limit’ achieved by adding
to the conventional second order the topological term
i
- tr FAF,
2T M4
where 9 has a large imaginary part.
The path integral [ e~ over all connections on M* localizes on the moduli space of
anti-self dual connections satisfying the equations

Fi=o.

Thus, to obtain these models we start with the standard (second-order) action and
add to it a topological term: —iv fI df in one dimension, the B-field fg B dXe AdX®
in two dimensions, and the ¥-angle term

i

T tr FAF
Q’IT M4

in four dimensions. We then allow ¥ and B,; to be complex and take the limit 7 — oo
as described above.* In this limit the instanton contributions are present while the anti-
instanton contributions vanish, and because of that the correlation functions simplify
dramatically.

The resulting models are described by the first-order Lagrangians written above.f
The corresponding path integral represents the ‘delta-form’ supported on the instanton

* In two-dimensional sigma models such limits, with large imaginary B-field, have been studied in the
literature since the early days of the theory of instantons: see, for example, the papers [11] and [5] and
references cited therein.

1 There are also similar models in three dimensions, but they fall into the class of non-supersymmetric
field theories, which generically become massive upon inclusion of the instantons; in this paper we
consider such models only briefly in §6.3.
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moduli space. This moduli space has components labelled by the appropriate ‘instanton
numbers’, which are finite dimensional (after dividing by the appropriate gauge symmetry
group). Therefore, the correlation functions are expressed in terms of integrals over these
finite-dimensional components of the moduli space.

When we move away from the special point 7 = oo (with fixed 7), both instan-
tons and anti-instantons start contributing to the correlation functions. The path
integral becomes a Mathai—Quillen representative of the Euler class of an appro-
priate vector bundle over the instanton moduli space, which is ‘smeared’ around
the moduli space of instantons (like Gaussian distribution) (see, for example, [10]).
Therefore, general correlation functions are no longer represented by integrals over
the finite-dimensional instanton moduli spaces and they become much more compli-
cated.

There is however an important class of observables, called the BPS observables whose
correlation functions are independent of 7. They commute with the supersymmetry
charge @ of the theory and comprise the topological sector of the theory. The perturba-
tion away from the point 7 = oo (that is back to a finite radius in two dimensions or
to a non-zero coupling constant in four dimensions) is given by a @-exact operator, and
therefore the correlation functions of the BPS observables (which are @)-closed) remain
unchanged when we move away from the special point. This is the secret of success of
the computation of the correlation functions of the BPS observables achieved in recent
years in the framework of topological field theory: the computation is actually done in
the theory at T = oo, but because of the special properties of the BPS observables the
answer remains the same for other values of the coupling constant [42]. But for general
observables the correlation functions do change in a rather complicated way when we
move away from the special point.

Our goal in this paper is to go beyond the topological sector and consider more general
correlation functions of non-BPS observables. We are motivated, first of all, by the desire
to understand non-supersymmetric quantum field theories with instantons. It is generally
believed that realistic quantum field theories should be viewed as non-supersymmetric
phases of supersymmetric ones. This means that the observables of the original theory
may be realized as observables of a supersymmetric theory, but they are certainly not
going to be BPS observables. Therefore, we need to develop methods for computing
correlation functions of such observables.

In particular (and this was another motivation), developing this theory in two dimen-
sions may help in elucidating the pure spinor approach to superstring theory [4], where
‘curved (y-systems’ play an important role [32].

The third motivation comes from the realization that the correspondence between the
full quantum field theory and its topological sector is analogous to the correspondence
between a differential graded algebra (DGA) and its cohomology. The cohomology cer-
tainly contains a lot of useful information about the DGA, but far from all. For example,
there are higher (Massey) operations on the cohomologies, which can only be detected
if we use the full DGA structure. In particular, the cohomology of a manifold does not
determine its geometric type, but the differential graded algebra of differential forms does
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(at least, its rational homotopy type).* Likewise, we expect that the passage from the
topological sector to the full quantum field theory will reveal a lot of additional infor-
mation. In particular, while the correlation functions in the topological sector give rise
to invariants of the underlying manifold, such as the Gromov-Witten and Donaldson
invariants, the correlation functions of the full quantum field theory may allow us to
detect some finer information about its geometry.

Since our goal now is to understand the full quantum field theory, and not just its
topological sector, it is reasonable to try to describe the theory first at the special value
of the coupling constant 7 = oo (and finite 7), where the correlation functions simplify so
dramatically due to the vanishing of the anti-instanton contributions. One can then try
to extend these results to a neighbourhood of this special value by perturbation theory.

Our approach should be contrasted with the standard perturbation theory approach to
quantum field theory, which consists of expanding around a Gaussian fixed point. This
approach has many virtues, but it cannot be universally applied. In particular, there
are issues with the zero radius of convergence, but more importantly, such perturbation
theory is unlikely to shed light on hard dynamical questions such as confinement. One
can speculate that the reason for this is that expansion around a Gaussian point does
not adequately represent the nonlinearity of the spaces of fields and symmetries.

The expansion around the point 7 = oo that we propose in this paper may be viewed
as an alternative to the Gaussian perturbation theory. Here the topology (and perhaps,
even the geometry) of the space of fields is captured by the appropriate moduli space
of instantons. Therefore, this approach may be beneficial for understanding some of the
questions that have proved to be notoriously difficult in the conventional formalism.

We note that the consideration of the theory at 7 = oo has already proved to be
very useful in the recent interpretation [18] of mirror symmetry for toric varieties via an
intermediate I-model and the recent proof [33,34] of the Seiberg—Witten solution of the
N = 2 supersymmetric gauge theories.

1.2. Some puzzles

Before summarizing our results we wish to motivate them by pointing out some ‘puz-
zles” which naturally arise when one considers the models described above. It is natural
to start with the one-dimensional case of supersymmetric quantum mechanics. It already
contains most of the salient features of the models that we are interested in, and yet is
simple enough to allow us to analyse it explicitly.

Let us first look at the classical theory described by the action (1.1). We can include
it into a one-parameter family of theories depending on a coupling constant A by adding

* In the words of Deligne et al. [12]:

To understand cohomology and maps on cohomology one need deal only with closed forms,
but to detect the finer homotopy theoretic information one also needs to use non-closed
forms. Differential geometric aspects of this philosophy have been given by Chern and
Simons: ‘The manner in which a closed form which is zero in cohomology actually becomes
exact contains geometric information’.
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the term 1A~'g,;papy. For finite values of A~! we may substitute the corresponding
equations of motion and obtain the second-order action

dxedx® p Of Of df
1y X AXT oy a5 OF OF  edf e ¢ 1.4
/I(QAQ‘”’ a a2 gxagxp  Vgg T iermions Jdb, (14)

where 9 = 7 —i\. Here f is a Morse function on X, whose gradient is equal to v = & + &,
so that we have
df = gpv*dX? + gapv* dX°.

This function is also the hamiltonian of the U(1)-vector field i(§ — &) with respect to the
Kéhler structure. It is shown in [16] that f always exists under our assumption that £
comes from a holomorphic C*-action on X with a non-empty set of fixed points.

The term —i¢df (which plays the role of the B-field of the two-dimensional sigma
model) is very important, as we will see below. Its role is to distinguish the instanton
contributions to the path integral from the anti-instanton contributions. This allows us
to keep the instantons and at the same time get rid of the anti-instantons in the limit
7 =179 —i\ = —ioco with 7 = ¥ 4+ i\ being fixed.

The limit 7 — —ioco with finite 7 is achieved by taking A — +o00 and ¥ — —ioco in such
a way that A — || is kept finite and fixed. For simplicity we will consider now the case
when ¢ = —i\ (so that 7 = 0). We will therefore view the limit 7 — —ico as the limit
A — o0.

At finite values of A\ we have the theory with the action (1.4) such that the classical
Hamiltonian is bounded from below. The corresponding quantum Hamiltonian is conju-
gate to a second-order differential operator equal to —3(A"*A+A|df|*+ K) (the Witten
Laplacian [38]) acting on the Hilbert space which is the completion of the de Rham com-
plex 2°(X) with respect to the Lo norm. This Hamiltonian has non-negative spectrum
(see §2.1 for more details).

Now consider the theory in the limit A — co. Here the classical Hamiltonian corre-
sponding to the action (1.1) is not bounded from below, which seems to indicate trouble:
unbounded spectrum of the quantum Hamiltonian. In fact, the naive quantization of the
Hamiltonian is the first-order operator £, = L¢+Lg (where £ denotes the Lie derivative).
Under our assumptions on the vector field £, the only smooth eigenstates are the constant
functions. It is not clear at all how £, could possibly be realized as the Hamiltonian of
a quantum mechanical model.

This constitutes the first puzzle that we encounter when analysing the model (1.1)
(and its higher-dimensional analogues).

The second puzzle has to do with holomorphic factorization. The action (1.1) mani-
festly splits into the sum of holomorphic and anti-holomorphic terms (unlike the action at
A™1 £ 0, because the term A\~1g,;p. Py is mixed). So naively one expects the same kind of
holomorphic factorization for the space of states and for the correlation functions. How-
ever, the only globally defined holomorphic functions (for compact X) are constants.
There may also be some holomorphic differential forms, but only a finite-dimensional
space of those. So it seems that a holomorphic factorization is impossible due to the
absence of globally defined holomorphic differential forms.
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This makes us wonder that perhaps the structure of the space of states of the theory
with the action (1.4) should change when A — oo in such a way that the new space of
states is the tensor product of chiral and anti-chiral sectors, the Hamiltonian is diago-
nalizable and has bounded spectrum.

In fact, we will show that this is ‘almost’ true: the new space of states has the following
structure

H=EP Fa® Fa
a€cA

(where A is the finite set of zeros of £, or equivalently, critical points of the Morse function
f), where F, and F, may be viewed as the chiral and anti-chiral blocks of the model.
They have transparent geometric interpretation as spaces of ‘delta-forms’ supported on
the ascending manifolds of the Morse function. We also find that the spectrum of the
Hamiltonian is non-negative, but the Hamiltonian is not diagonalizable: it splits into a
sum of Jordan blocks (of finite sizes bounded by dim¢ X + 1). These are the phenomena
typically associated with two-dimensional logarithmic conformal field theory. It is quite
curious that we observe these phenomena already at the level of quantum mechanics!

1.3. Summary of the results

We now explain our results in more detail, starting with the one-dimensional case.
Let X be a compact Kéhler manifold, equipped with a holomorphic vector field £ which
comes from a holomorphic C*-action ¢ on X with isolated fixed points. Let us denote
those points by x,, « € A. We will assume that the set A is non-empty (it is necessarily
finite).

Our first result concerns the structure of the spaces of states of the quantum theory with
the action (1.1). Under our assumptions, there is a Bialynicki-Birula decomposition [6,8]

X:|_|Xa

acA

of X into complex submanifolds X, defined as follows:

Xa:{xEX

%iﬁn(l)gb(t) cx = ;Ea}.

Under the above assumptions it is proved in [16] that there exists a Morse function f on
X, whose gradient is the vector field v = &€ 4+ £. The points z,, a € A, are the critical
points of f, and the submanifolds X, may be described as the ‘ascending manifolds’ of f.
Furthermore, each submanifold X, is isomorphic to C™*, where the index of the critical
point z, is 2(dim¢ X — n,) (see [6,8]). In what follows we will assume that the above
decomposition of X is a stratification, that is the closure of each X, is a union of the Xg3.

Now let H, be the space of delta-forms supported on X,. An example of such delta-
forms is the distribution (or current) on the space of differential forms on X which is
defined by the following formula:

(Aa) = / Nx.. ne(X). (1.5)

@
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All other delta-forms supported on X, may be obtained by applying to A, differential
operators defined on a small neighbourhood of X,. The space H,, is graded by the degree
of the differential form.

We then have a holomorphic factorization

Ha = Fo @ Fa,

where F,, (respectively, F,) is the space of holomorphic (respectively, anti-holomorphic)
delta-forms supported on X,. For example, if n, = dim X, so that X, ~ C" is an
open subset of X, then H, is the space of differential forms on C™=, and so it factorizes
into the tensor product of holomorphic and anti-holomorphic differential forms. On the
other hand, if n, = 0, so that X, = z,, is a point, then H,, is the space of distributions
supported at x,. It factorizes into the tensor product of the derivatives with respect to
holomorphic and anti-holomorphic vector fields. In the intermediate cases the space F,
is generated from the delta-form A, supported on X, under the action of holomorphic
differential forms along X, and holomorphic vector fields in the transversal directions.
Thus, F, is the space of global sections of a Dx-module, where Dx is the sheaf of
holomorphic differential operators on X.

Now we set
H=EP Hoa =P Fo ® Fa
acA acA
We claim that this space H is isomorphic to the space of states of the quantum mechanical
model described by the action (1.1).

The reader may wonder how the space of states of the theory for finite A described by
the action (1.4), which is essentially the space of differential forms on X, could possibly
turn into something like this. We explain this in detail below. Here we will only point
out that the procedure of taking the limit A — oo is quite non-trivial. Before passing
to the limit we need to multiply the wave functions of the quantum Hamiltonian of the
theory (1.4) by e* (this corresponds to adding the term —Adf to the action (1.4)).
Standard semi-classical analysis shows that after this multiplication the wave functions
with eigenvalues that remain finite in the limit A — oo tend to the delta-forms which
give us a monomial basis in the spaces H,, for different as. In particular, the exact super-
symmetric vacua (in other words, the BPS states), which are known to be in bijection
with the critical points of f [38], become in the limit A — co the delta-forms A, on X,
defined by formula (1.5).

Next, we consider the Hamiltonian. Naively we expect that it is equal to

Hpaive = ﬁE + ‘Cgv
acting on the above space H. However, we claim that it is actually equal to

H = Hnaive +4m Z aaﬂéaﬁ & SO(B)
a,B

where the summation is over all o, 3 such that X3 is a codimension 1 stratum in the
closure of X . Here 6, is the Grothendieck—Cousin (GC) operator and d,g is its complex
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conjugate (the anp are some non-zero real numbers). The GC operator acting from F,
to Fp corresponds to taking the singular part of a holomorphic differential form on X,
along this divisor (see, for example, [26]).

In particular, we find that the Hamiltonian is not diagonalizable; rather, it has Jordan
blocks!

In order to test these predictions, we investigate the factorization of correlation func-
tions over intermediate states. Suppose for simplicity that X = CP' and f is the standard
‘height’ function (see §3.5). In this case there is one non-trivial component of the moduli
space of gradient trajectories, which consists of the trajectories going from the north
pole to the south pole. It is isomorphic to C* C CP', hence its natural compactification
is CP'. Typical observables of our theory are smooth differential forms. We know from
the path integral description of the model that the correlation function of observables
w1, . ..,w, corresponding to differential forms w,...,w, is equal to

(01(t1)a(t2) - On(tn)) = /(C]P1 w1 A ¢(ef(t17t2))*(w2) A A gb(e*(t"*rt"b))*(wn)’
where ¢ is the standard C*-action on CP' and @(q)* denotes the pullback of a differential
form under the action of ¢ € C*. Consider the simplest case when w; is a smooth 2-form
w and ws is a smooth function F on CP!, which we will assume to be non-constant. Then
we have
@t F() = [ wole ) ()
cp!

where t = tl — t2.

On the other hand, we expect this two-point function to factorize into the sum of
one-point functions over all possible intermediate states:

(@(t)F(t2)) = (@e ™ F) =y " (0lwe™"|w, ) (&} | F|0). (1.6)
If the hamiltonian were diagonalizable, the right-hand side would be the sum of mono-
mials ¢, where ¢ = e™*
it consists of non-negative integers). However, consider the following simple example: let

and « runs over the spectrum of the Hamiltonian (in our case

1 1 d?z

F=—" = -~ °
14 |2]2° (1+122)2 =

We find that
[ wotar ) = 1 2 o
cp! l—¢ (1-¢*)? 77
The appearance of the logarithmic function indicates that the operator H is not diago-
nalizable, but has Jordan blocks of length two, in agreement with our prediction.

Thus, the logarithmic nature of our model is revealed by elementary calculation of an
integral over the simplest possible moduli space of instantons. But it is important to stress
that in order to see the logarithm function in a correlation function it is necessary that
at least one of the observables involved not be -closed. The action of @) on the above
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observables w; corresponds to the action of the de Rham differential on the differential
forms w;. Thus, in the above calculation the 2-form @ is necessarily ()-closed, and so
it is a BPS observable. But F' is not @-closed due to our assumption that F' is not
constant. Therefore, F is not a BPS observable. If both F and w were @-closed, then the
one-point functions appearing on the right-hand side of formula (1.6) would be non-zero
only when the intermediate states are vacuum states. On such states the Hamiltonian
is diagonalizable, so we would not be able to observe the logarithmic terms. The same
argument applies to n-point correlation functions. Thus, we can discover the structure
of the space of states of the theory, and in particular, the existence of the Jordan blocks
of the Hamiltonian, only if we consider correlation functions of non-BPS observables. It
is impossible to see these structures within the topological sector of our model. This is
yet another reason why it is important to go beyond the topological sector.

Part I contains a detailed and motivated exposition of our results describing the struc-
ture of our quantum mechanical models at the special point A = oo (or, equivalently,
7 = 00). We hope that the models corresponding to finite values of A may be stud-
ied by A~!-perturbation theory around the point A = co. We will present some sample
calculations below which provide some evidence that this is indeed possible.

In Part IT we will apply our approach to two-dimensional N' = (2, 2) supersymmetric
sigma models and four-dimensional ' = 2 supersymmetric Yang-Mills theory. Part III
will be devoted to generalization to non-supersymmetric models.

We now discuss briefly what happens in dimensions two and four, thus giving a preview
of Part II.

1.4. Two-dimensional sigma models

Let us consider first the supersymmetric (type A twisted) two-dimensional sigma model
[41,42] in the 7 — oo limit (these limits have been previously discussed in [3,18,29]). The
first step is to recast these models in the framework of the quantum mechanical models
that we have studied above. For a fixed Riemann surface X' the space of bosonic fields in
the supersymmetric sigma model with the target manifold X is Maps(X, X)), the space of
maps X — X. If we choose X to be the cylinder I xS, then we may interpret Maps(X, X)
as the space of maps from the interval I to the loop space LX = Maps(S!, X). Thus, we
may think of the two-dimensional sigma model on the cylinder with the target X as the
quantum mechanical model on the loop space LX. Hence it is natural to try to write the
Lagrangian of the sigma model in such a way that it looks exactly like the Lagrangian
of the quantum mechanical model on LX with a Morse function f.

It turns out that if X is a Kéahler manifold, this is ‘almost’ possible. However, there
are two caveats. First of all, the corresponding function f has non-isolated critical points
corresponding to the constant loops in LX), so it is in fact a Bott—-Morse function. We
can deal with this problem by deforming this function so that it only has isolated critical
points, corresponding to the constant loops whose values are critical points of a Morse
function on X. The second, and more serious, issue is that our function f is not single-
valued on LX, but becomes single-valued only after pullback to the universal cover
LX of LX. In other words, it is an example of a Morse-Novikov function, or, more
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properly, Bott—Morse-Novikov function. Because of that, the instantons are identified
with gradient trajectories of the pullback of f to LX.

The universal cover LX may be described as the space of equivalence classes of maps
7: D — X, where D is a two-dimensional unit disc, modulo the following equivalence
relation: we say that ¥ ~ 4" if ¥|op = 7'|sp and ¥ is homotopically equivalent to 4’ in
the space of all maps D — X which coincide with ¥ and 4" on the boundary circle 9D.
We have the obvious map LX — L X, which realizes LX asa covering of LX. The group
of deck transformations is naturally identified with Ho(X,Z). The corresponding Morse
function, which goes back to the work of Floer [15] is given by the formula

1) = /D 5 (i), (1.7)

where wg is the Kahler form.

Suppose now that I = R with a coordinate ¢. In the limits t — 4oo a gradient
trajectory tends to the critical points of f on LX , which are the preimages of constant
maps in LX. Therefore, a gradient trajectory may be interpreted as a map of the cylinder,
compactified by two points at +0o, to X, or equivalently, a map CP* — X. Moreover,
the condition that it corresponds to a gradient trajectory of f simply means that this
map is holomorphic. Thus, we obtain that the instantons of the two-dimensional sigma
model are holomorphic maps CP! — X, and more generally, ¥ — X, where X is an
arbitrary compact Riemann surface.

In our infinite radius limit (which corresponds to 7 — —ico, as explained above) we
obtain the theory governed by first-order action (1.3). Therefore, the corresponding path
integral localizes on the moduli space of holomorphic maps Y — X. Because we are deal-
ing with a Morse—Novikov function, this moduli space now has infinitely many connected
components labelled by 8 € Hy(X,Z), all of which are finite dimensional (the component
is non-empty only if the integral of the Kéhler class w of X over g is non-negative). The
simplest observables of this model are the evaluation observables corresponding to dif-
ferential forms on X. Their correlation functions are given by integrals of their pullbacks
to the moduli spaces of holomorphic maps (more precisely, the Kontsevich moduli spaces
of stable maps) under the evaluation maps.

Such correlation functions have been studied extensively in the literature in the case of
the BPS observables, corresponding to closed differential forms on X. They are expressed
in terms of the Gromov—Witten invariants of X. Our goal is to go beyond the BPS (or
topological) sector of the model and study correlation function of more general, non-
BPS, observables. These observables include evaluation observables corresponding to
differential forms on X that are not closed, as well as differential operators on X. The
correlation functions of the non-BPS observables reveal a lot more about the structure
of the theory. In particular, as we have seen previously in quantum mechanical models,
they essentially allow us to reconstruct the spaces of states of the theory in the limit
T — —ioo.

In Part IT we will describe in detail the structure of the spaces of states of the supersym-
metric two-dimensional sigma models in our infinite radius limit. First, we will generalize

https://doi.org/10.1017/51474748011000077 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748011000077

476 E. Frenkel, A. Losev and N. Nekrasov

our results obtained in Part I to the case of multivalued Morse functions. (Actually, exam-
ples of such functions arise already for finite-dimensional real manifolds with non-trivial
fundamental groups.) We will show how to modify our results in this case. Essentially,
this amounts to considering the universal cover of our manifold, which is LX in the case
of two-dimensional sigma model. One also needs to impose an equivariance condition
on the states of the model corresponding to the action of the (abelianized) fundamental
group Hy(X,Z) on LX. Because of this the corresponding spaces of states acquire an
additional parameter which is familiar from the construction of ‘¢-vacua’.

Besides those changes, the structure of the space of states in the limit 7 — oo is similar
to the one that we have observed above in our analysis of quantum mechanical models.
There are spaces of ‘in’ and ‘out’ states, and each of them is isomorphic to the direct sum
of certain spaces of ‘delta-forms’ supported on the strata of the decomposition of LX
into the ascending and descending manifolds (however, this direct sum decomposition is
not canonical). Let us modify our function f given by formula (1.7), as follows: f — fx,
where

fH@)Z/Dﬁ*(wK)—/SIW*(H)do,

where H is a Morse function on X. Then fg is a Morse function on LX , with isolated
critical points: constant maps with values at the critical points z,, a € A, of H on X.

The corresponding ascending manifolds in LX are isomorphic to infinite-dimensional
vector spaces, which are roughly of half the dimension of the entire loop space. Let us
denote them by X, (oo/2)+i, @ € A, i € Z. Our space of states 7:lT, which now depends
on the choice of 7 € C, is realized as the subspace of those states ¥ in

H= B Faicor2tr ® Fafoos2yam
a€A,v€Hs(X,Z)

where F, (o0 /2)4~ 18 the space of holomorphic ‘delta-forms’ supported on Xa,(oq/2)+w
and Fy (cc/2)4 18 its complex conjugate, which satisfy the condition TW)=¢e""w.
Here T is the shift operator Hg, (0o/2)4y = Ha,(co/2)+++1- Thus, H is (non-canonically)
isomorphic to the direct sum as above with fixed v = .

The spaces of delta-forms may then be identified with the familiar Fock representations
of the chiral and anti-chiral 37, bc-systems. The Hamiltonian and the supersymmetry
charges may be identified with explicit operators acting on the spaces of states. Thus,
the spaces of states are essentially isomorphic to the direct sums of finitely many tensor
products of this form, like in a conformal field theory. In particular, there is a large chiral
algebra, which is nothing but the chiral de Rham complex of X. However, we find that
the Hamiltonian is not diagonalizable and computing matrix elements of observables
acting on the space of states, we see the appearance of the logarithm function. Thus,
we find that the two-dimensional supersymmetric model in our infinite radius limit is a
logarithmic conformal field theory.

We stress again that to see this structure it is crucial that we consider the correlation
functions of non-BPS observables. The hamiltonian is diagonalizable (in fact, is iden-
tically equal to zero) on the BPS states. Therefore, correlation functions of the BPS
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observables which have been extensively studied in the literature (and which are closely
related to the Gromov—Witten invariants) do not contain logarithms. The hamiltonian
is also diagonalizable on all purely chiral (and anti-chiral) states; thus, the chiral algebra
of the theory is free of logarithms. Logarithmic CFTs of this type have been considered,
for example, in [35].

We remark that in the case when X is the flag manifold of a simple Lie group, the
above semi-infinite stratification of LX and the corresponding spaces of holomorphic
delta-forms have been considered in [14]. These spaces are representations of the affine
Kac—Moody algebra g with level 0, which are closely related to the Wakimoto modules.
In the non-supersymmetric version the level 0 algebra g gets replaced by the g at the
critical level —h"Y (see [14,17]). Therefore, we expect that the corresponding models
are closely related to the geometric Langlands correspondence. This will be discussed in
Part III.

1.5. Four-dimensional Yang—Mills theory

Finally, we discuss (twisted) N' = 2 supersymmetric Yang-Mills theory with gauge
group G on a four-dimensional manifold M* [40]. Suppose that M* = R x M3, where
M? is a compact three-dimensional manifold. Let ¢ denote the coordinate along the
R factor. Then the Yang—Mills theory may be interpreted as quantum mechanics on
the space A/G of gauge equivalence classes of G-connections on M3, with the Morse—
Novikov function being the Chern—Simons functional [1,40]. However, there is again a
new element, compared to the previously discussed theories, and that is the appearance
of gauge symmetry. The quotient A/G has complicated singularities because the gauge
group G has non-trivial stabilizers in the space A. For this reason we should consider the
gauged Morse theory on the space A of connections itself.

This theory is defined as follows. Let X be a manifold equipped with an action of a
group G and a G-invariant Morse function f. Then the gradient vector field v*0,., where
v = W 0,v f commutes with the action of G. Denote by V0, the vector fields on X
corresponding to basis elements J¢ of the Lie algebra g = Lie(G). We define a gauge
theory generalization of the gradient trajectory: it is a pair (z(t): R — X, A:(t)dt €
2Y(R, g*)), which is a solution of the equation

dzt u " a
SO i al0) + VE (1) A1), (18)
The group of maps g(t): R — G acts on the space of solutions by the formula

g+ (2(t), Ae(t)dt) = (g(t) - x(t), g7 (1) Deg(t) + g7 (D) Ae(t)g (1)),

and the moduli space of gradient trajectories is, naively, the quotient of the space of
solutions of (1.8) by this action. However, because this action has non-trivial stabilizers
and the ensuing singularities of the quotient, it is better to work equivariantly with the
moduli space of solutions of the equations (1.8).

In Part IT we will develop a suitable formalism of equivariant integration on the moduli
space of gradient trajectories of the gauged Morse theory. We then apply this formalism
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to the case when X = A, the space of connections on a three-manifold M3 and f is
the Chern—Simons functional (note that this formalism is also used in gauged sigma
models in two dimensions). In this case the corresponding equivariant integrals give us
the correlation functions of evaluation observables of the Yang—Mills theory in our weak
coupling limit 7 — —ioco. In the case of the BPS observables these correlation functions
are the Donaldson invariants [40]. They comprise the topological (or BPS) sector of the
theory. We will obtain more general (off-shell) correlation functions by considering more
general, i.e. non-BPS, evaluation observables. We will present some sample computations
of these off-shell correlation functions which exhibit the same effects as in one- and two-
dimensional models considered above. In particular, we will observe the appearance of
the logarithm (and more generally, polylogarithm) function in the correlation functions.
This indicates that, just like the two-dimensional sigma models, the four-dimensional
supersymmetric Yang—Mills theory in the 7 — oo limit is a logarithmic conformal field
theory.

1.6. Plan of the paper

The paper is organized as follows. In §2 we give a pedagogical description of the
Lagrangian formalism of our quantum mechanical models. We then discuss the path
integral in the limit when the metric of the manifold and the Morse function are both
multiplied by the same constant A which tends to infinity (this corresponds to the limit
7 — oo with 7 = 0). We show that in this limit the path integral localizes on the moduli
spaces of gradient trajectories of the Morse function (the instantons of the quantum
mechanical models). We introduce the observables of the theory and discuss the analogy
between their correlation functions and the Gromov—Witten theory.

In § 3 we start developing the Hamiltonian formalism for our models. We are interested,
in particular, with the structure of the space of states of the model in the limit A — oo.
This limit is highly singular and the description of the spaces of states requires special
care. We discuss in detail the examples of the flat space C and of the simplest ‘curved’
manifold CP'. We show that the space of states decomposes into the spaces of ‘in’ and
‘out’ states, each having a simple and geometrically meaningful description in terms of
the stratifications of our manifold by the ascending and descending manifolds of our
Morse function. Furthermore, we show that the spaces of states exhibit holomorphic
factorization that is absent for finite values of A. This leads to a great simplification of
the correlation functions in the limit A — oo.

Next, in §4 we give a more precise description of the spaces of states. We show that
states are naturally interpreted as distributions (or currents) on our manifold X . Because
some of these distributions require regularization (reminiscent of the Epstein—-Glaser reg-
ularization [13] in quantum field theory), the action of the Hamiltonian on them becomes
non-diagonalizable. We explain this in detail in the case of the CP' model. For a general
Kahler manifold we compute the action of the Hamiltonian on the spaces of ‘in’ and ‘out’
states, as well as the action of the supercharges, in terms of the so-called Grothendieck—
Cousin operators associated to the stratification of our manifold by the ascending and
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descending manifolds. We also compute the cohomology of the supercharges using the
GC complex.

In §5 we will realize the observables of the model as linear operators acting on the
spaces of states. We will then be able to obtain the correlation functions as matrix ele-
ments of these operators and to test our predictions by comparing these matrix elements
with the integrals over the moduli spaces of gradient trajectories which were obtained
in the path integral approach of §2. We will see that analytic properties of the observ-
ables play an important role in the limit A — co. We will also see that factorization of
the correlation functions over intermediate states leads to some non-trivial identities on
analytic differential forms. In particular, the appearance of logarithm in the correlation
functions will be seen as the manifestation of the non-diagonal nature of the Hamiltonian
and as the ultimate validation of our description of the space of states.

Finally, in §6 we discuss possible generalizations of our results. We consider the ques-
tion of how to relate the spaces of states of our models for finite and infinite values of A,
first in the case when X = C and then for X = CP'. We then discuss the computation of
correlation functions in A™! perturbation theory. Next, we consider non-supersymmetric
analogues of our models. We discuss, in particular, the computation of the cohomology
of the anti-chiral supercharge 0 in the ‘half-supersymmetric’ models, which are one-
dimensional analogues of the (0,2) supersymmetric two-dimensional sigma models. We
make contact with the GC complexes of arbitrary (holomorphic) vector bundles on Kéhler
manifolds and the results of [39,46] on holomorphic Morse theory. We also discuss briefly
the generalization in which a Morse functions is replaced by a Morse-Bott function having
non-isolated critical points.

2. Supersymmetric quantum mechanics

In this section we begin our investigation of the quantum mechanical models in the limit
T — 00. The natural context for these models is the physical realization of Morse theory
due to Witten [38], which we recall briefly at the beginning of the section. We describe
the Lagrangians of these models and the corresponding path integral. We then discuss
the path integral in the limit when the metric of the manifold and the Morse function
are both multiplied by the same constant A which tends to infinity (which corresponds
to the limit 7 — oo with 7 = 0, discussed in §1). We show that in this limit the path
integral localizes on the moduli spaces of gradient trajectories of the Morse function. We
introduce the observables of the theory and discuss the analogy between their correlation
functions and the Gromov—Witten theory.

2.1. Recollections on Morse theory

Morse theory associates to a compact smooth Riemannian manifold X and a Morse
function f (i.e. a function with isolated non-degenerate critical points) a complex C*,
whose cohomology coincides with the de Rham cohomology H®(X). The ith term C? of
the complex is generated by the critical points of f of index ¢ (the index of a critical point
is the number of negative squares in the Hessian quadratic form at the critical point).
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The differential d: C* — C**! is obtained by summing over the gradient trajectories
connecting critical points.

Witten [38] has given the following interpretation of Morse theory. Consider the super-
symmetric quantum mechanics on a Riemannian manifold X (in other words, quan-
tum mechanics on IITX). The space of states is the Hilbert space 2*(X), the space of
complex-valued Lo differential forms on X with the hermitian inner product

(@lg) = [ )15, 2.1)
b'e
where (- --) denotes the complex conjugation, and * is the Hodge star operator.
The supersymmetry algebra is generated by the operators:

Q=dy=eMdeM =d+ Adfa, (2.2)

1 1
Q" =(dy)" = XeAf d¥e M = N d* + tyy. (2.3)

Here the operator d* is defined as the adjoint of d with respect to a fixed metric g on
X. But Q* is the adjoint of @ = d, with respect to the metric Ag, which explains the
overall factor A71.

Their anti-commutator H = %{ Q, Q*} is the Hamiltonian*:

H = Hy=§(-A""A+ A|df[]* + Kf), (2.4)

where Ky = (Lvy + L3;). Recall that for a vector field § we denote by L¢ the Lie
derivative acting on differential forms.

The supersymmetry generators Q, Q* are nilpotent, Q2 = 0, (Q*)? = 0. For compact
X, the cohomology of the operator Q coincides with the cohomology of the operator d,
since they are related by the similarity transformation. Standard Hodge theory argument
shows that the span of the ground states of H (i.e. those annihilated by H) is isomorphic
to the cohomology of Q, and hence to H®(X).

Indeed, among the Q-closed differential forms « representing a given cohomology class
we choose a representative ap,, which minimizes the norm ||«||?> with respect to the
inner product (2.1). This representative ay,, is annihilated by Q*, in addition to Q. As
a consequence, (vh,, is annihilated by H. Conversely, if « is annihilated by H, then

0= (alH|o) = [|Qa* +[|Q"a]?, (2.5)

hence Qa =0, Q*a = 0.

The first step in Witten’s approach to Morse theory [38] is constructing the approxi-
mate ground states of H in the limit A — co. According to the semi-classical analysis, they
are given by the differential forms localized near the critical points z, such that df, = 0.
Near such a point the Hamiltonian (2.4) may be approximated by that of supersymmetric
harmonic oscillator. We will discuss this in more detail below. Now we just mention that
for each critical point of index i one finds a ground state of the Hamiltonian, which is

* In our conventions the Laplacian A = —{d,d*} is negative definite.
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a differential form w; of degree i approximately equal to a Gaussian distribution around
this critical point. The simplest of these are the 0-form Cye™*f localized at the absolute
minimum of f and the top form C;\e’\f dp, localized at the absolute maximum of f (here
dp is the volume form induced by the metric and C, C4 are the constants making the
norms of these forms equal to 1).

The eigenvalues of H on these approximate ground states w; tend to zero very fast as
A — oo. Therefore, for large A their span ‘splits off” as a subcomplex of the de Rham
complex, equipped with the twisted differential @ = d,. Since cohomology classes may
be represented by ground states, as we have seen above, we obtain that the cohomology
of this subcomplex is equal to the cohomology of the entire de Rham complex. This
homology is in turn isomorphic the cohomology of X. By construction, the dimension
of the ith group of this subcomplex is equal to the number of critical points of f of
index ¢, and using this fact we obtain estimates on the ranks of the cohomology groups
of X, i.e. the Betti numbers of X . This way Witten proved in [38] the Morse inequalities
relating the Betti numbers of X to the numbers of critical points of f of various indices
(see also [21,22]).

Perturbatively, each w; is annihilated by the supersymmetry charge Q. The next step
in Witten’s construction is the computation of the instanton corrections to Q on the w;
due to the tunnelling transitions. Witten argued that this way one obtains the Morse
complex of f. (This is indeed the case if a certain ‘Morse—Smale transversality condition’
is satisfied.) Thus, one obtains an interpretation of Morse theory in terms of supersym-
metric quantum mechanics.

2.2. Important special case

A special case of this construction occurs when X is a compact Ké&hler manifold,
and the Morse function f is the hamiltonian corresponding to a U(1)-action on X. Its
complexification gives us a C*-action on X. In this case, the gradient vector field v = V f
may be split as the sum of a holomorphic vector field ¢ and its complex conjugate &. On
the other hand, the vector field i(¢ — &) generates the U(1) action.

In the main body of this paper we will focus exclusively on this case, because it is
the one-dimensional analogue of the two-dimensional supersymmetric sigma models and
the super-Yang—Mills theory that we are interested in. Some important simplifications
occur in this case. For example, all ground states in the limit A = oo may be deformed to
ground states for finite A. In other words, there are no instanton corrections to the action
of the supercharge Q (see §2.5 for more details). These are also the models exhibiting
holomorphic factorization in the limit A = oo, as we will see below.

2.3. Path integral and gradient trajectories

Let us discuss the Lagrangian version of the theory. The space of states of our theory is
the space of functions on the supermanifold I77T X . Introduce the corresponding coordin-
ates x*, ¥* and the momenta p,, m,. The configuration space is the space of maps
I — X, where I = I, ;, is the ‘worldline’, which could be a finite interval [t;, t¢], or half-
line (—o0, t¢), [ti, +00) or the entire line (—oo, +00). The standard action is given by the
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formula [38]

det d2” ,, Of Of

5= /( Adur g a ar T 2N dxt Oxv

_D*f
9" 5 Dr

+ im, Dyt — —m,* + ulegmmpwﬁ) dt. (2.6)
Here D/Da* is the covariant derivative on X corresponding to the Levi-Civita connec-
tion, and Dy is its pullback to I under the map x: I — X. It is easy to the see that
the hamiltonian corresponding to this action is the quasi-classical limit of the hamilto-
nian (2.4).

The correlation functions of the theory are given by path integrals:

(et HO, eltn1=t)H . o(timt2) HO o(ti=t)H |4
_ / Or(t1) - Onltn)e™S. (2.7)
I—-X; z(ti)=xi, z(t¢)=ws

Here Oq,...,0,, are observables which we will discuss in detail below. More precisely,
the right-hand side gives the integral kernel for this correlation function with respect to
z; and x¢ € X. In other words, if ¥, ¥* are states in the Hilbert space of the theory
(which is the space of Ly differential forms on X), then

<W* |e(tn7tf-)HOne(tn717tn)H . e(t17t2)Hole(t;7t1)H|¢>

= / W*(xf)w(zl)/ O1(ty) - Op(ty)e ™. (2.8)
X2 I—-X;z(ti)=xi, z(te)=w¢
We will now discuss in detail how to pass to the limit A — oo in such a way that we
keep the instanton contributions, but get rid of the anti-instantons. The procedure will
be similar in two and four dimensions.
We start with the trivial, but crucial observation (sometimes called the ‘Bogomolny
trick’) that the bosonic part of the action may be rewritten as follows:

d
/( Mz F V2 £ f)dt, (2.9)
I
where of
VHF =gt —.
(VA" =" 50
It is clear from this formula that the absolute minima of the action, with fixed boundary
conditions x(t;) = a;, x(tf) = ¢, will be achieved on the gradient trajectories of f

(appearing below with the + sign) or the gradient trajectories of —f (with the — sign):

& = £V f, or equivalently,

dot 0

dt ox¥
(provided that gradient trajectories connecting x; and x¢ exist). These are the instan-
tons and anti-instantons of our model, respectively. The former realize maps for which
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f(z(tr)) > f(z(t)) and the latter realize maps for which f(z(¢;)) < f(z(¢)). Both con-
tribute to the path integral with the same weight factor e A (@E) == As \ — oo
this factor goes to 0 exponentially fast, and this is the reason why instanton and anti-
instanton contributions are negligible compared to the contributions of small fluctuations
around the constant maps.

Now we wish to modify our Lagrangian in such a way that we retain the instantons
and make anti-instantons disappear altogether in the A — oo limit. This is achieved by
adding the term

- [aar == [ 25 @t =@ - flan) (2.10)

to the action (2.6). The resulting action reads
/()\|x — Vf|? + fermions) dt. (2.11)
I

The effect is that now the instantons, i.e. the gradient trajectories & = V f, become the
absolute minima of the action. The action on them is equal to 0, so all of them make
contributions to the path integral of the finite order (independent of \). In contrast,
the action on anti-instantons is now 2A|f(z¢) — f(zi)|. They do not correspond to the
absolute minima of the action any more. Accordingly, their contribution to the path
integral is even more suppressed than before: now they occur in the path integral with
the weight factor e~ 2M/(#0)=f (=)l Therefore, in the limit A — oo instantons will make
finite contributions to the path integral (on par with the fluctuations around the constant
maps), but anti-instantons will not contribute to the path integral at all.*

No matter how large A is though, both instantons and anti-instantons make contribu-
tions to general correlation functions.f Therefore, if we want to eliminate completely the
anti-instanton contributions from the correlation functions, we really have to take the
limit A — oo.

In order to achieve that, we first rewrite the action in terms of a first-order Lagrangian

as follows:
dat of
Sy = —ipy i 1A71 'uyl.u
A /I< 1P, < dt +9 8m”)+2 g Pub
: “w nz D2f « 1y\—1ppuv a3

For finite values of A, by eliminating the momenta variables using the equations of motion,
we obtain precisely the action (2.11). Therefore, the two actions are equivalent for finite

* Note that by adding to the Lagrangian the term Adf instead, we would retain the anti-instantons
and get rid of the instantons.

1 With the exception of some A-independent correlation functions of the topological sector of the
theory discussed below.
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values of A\. But now we can take the limit A — oo in the new action. The resulting action

is
, da of D*f
= — - 124 _ w_ oprv_ o
Scso 1/1 (pu( T +g 8x”) T, (th/J 9" D Do ) )) dt. (2.13)

Now the equations

dat af
A 717
g g e (2.14)

are the equation of motion. Thus, the instantons (gradient trajectories of f), which in the
original theory corresponded to absolute minima of the action, but were not solutions of
the equations of motion, have now become solutions of the equations of motion. At the
same time anti-instantons (gradient trajectories of — f) have disappeared.

We note that in the sum of the terms

of D2f
— 114 4 e Y R e
/1 g (pH ox¥ g Dav Dxo vt ) dt

in the above action we can replace d¢t by an arbitrary connection A; on a principal R-
bundle on I. This observation will be very useful in the context of two-dimensional sigma
models.

We now describe how the coordinate invariance is realized in the above action. The
bosonic variables z* and p,, transform as functions and 1-forms on X, respectively. The
fermionic variables 7, ¥* transform as sections of the cotangent and tangent bundles
to X, respectively. Note that we have

Ay Az
A A v
DtQ/J - dt +Fyu§w )

where I is the Levi-Civita connection on the tangent bundle 7' X . Therefore, if we redefine
Py as follows:

p; = DPu + Fli\uwuﬂ-)\, (215)

we absorb the connection operators into p;L and obtain the following formula for the
action™:

_ ,(dat ., Of dygr 9 v OF \ o
e [ (% 2) (2 (2 ) ae e

However, the new momenta p;L no longer transform as 1-forms.

Indeed, we have under the coordinate transformation z* — Z":

o - DV
T Ty = Ty——o.
Oz’ " " oM

* More generally, we could use another connection in formula (2.15).

P =)
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This transformation law forces p; to transform inhomogeneously:

ox? 0%z Ox

/ =~ __ Rt /6
Pt P =P+ i 9ap "V (2.17)

The action (2.16) is invariant under the supersymmetry generated by the supercharges
Q@ and Q* defined by the formulae

Qz! =y~ Qyr =0,

Qﬂ'u = p:p Qp:,l, =0,
of
Q*IL’# =0, Q*%/J” = gul/ oV’
Q*m, =0, Q'p, =0
They correspond to the de Rham differential and the contraction operator 2y ¢, respec-
tively.
In particular, we find that the Lagrangian is @-exact:
dat af
L=—iQ- @ _ w9
CRAC )

Recall that the deformation from A = oo back to finite A is achieved by adding the
terms

AT 9" pupy + AT R w0 P

to Lagrangian (2.13). It is important to note that, just like the Lagrangian (2.13), this
expression is @Q-exact and equal to

Q- A" mup),. (2.18)

2.4. Correlation functions as integrals over moduli spaces of instantons

We now discuss the correlation functions in our model in the Lagrangian, i.e. path
integral formalism. It turns out that these correlation functions may be represented by
integrals over finite-dimensional moduli spaces of gradient trajectories.

The first question to ask is what are the observables of our theory. Typically, observ-
ables in quantum mechanics on a manifold Y are obtained by quantizing functions on
T*Y, which in our case is T*(IITX). The simplest are the observables corresponding to
the functions on IITX, which are the same as differential forms on X. These are quan-
tized in a straightforward way in the coordinate polarization. In the original quantum
mechanical model, for finite A, the operator, corresponding to a differential n-form w on
X (which is the same thing as a function on ITT X, which is a degree n polynomial in the
fermionic variables), is the operator of multiplication by w. The correlation functions of
these observables are easiest to compute in the A — oo limit by using the path integral.

To see that, consider the following finite-dimensional model situation: a vector space
RM and functions %, a = 1,..., N, defining a codimension N submanifold C ¢ RM.
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Then the delta-like differential form supported on this subvariety has the following inte-

gral representation:
50 = / H dpa dﬂ'a eipaf“+i7ra dfa .
a
This delta-form may be viewed as the limit, when A — oo, of the regularized integral
. a | s -1
Sox = /Hdpa drr, ePal " +iTa dfa=A""papa
a

Comparing these formulae to (2.13) and (2.12), we see that the path integral

/Dp Dre %

looks like the delta-like form supported on the gradient trajectories, solutions of the
equations (2.14), while [ DpDn e~ may be viewed as its regularized version. More pre-
cisely, the integral [ Dp D7 e~ should be viewed as the Mathai-Quillen representative
of the Euler class of an appropriate vector bundle over the space of gradient trajectories
(see [2,10,27]).

In a similar way one shows that in the limit A — oo the correlation functions in our
theory will be equal to integrals of differential forms over the moduli spaces of gradi-
ent trajectories. Note that the integral over fluctuations around the instanton solutions
contributes only the one-loop determinants, which cancel each other out for bosonic and
fermionic degrees of freedom, up to a sign. Moreover, this sign disappears in the case
that we are most interested in: when X is a Kéhler manifold and the Morse function f
satisfies the conditions listed in § 3.6 below.

In particular, the kernel of the evolution operator in our theory is just the delta-form
supported on the submanifold of those pairs (x;,z¢) € X x X which are connected by
the gradient trajectories z(t): Iy, ;, — M such that x(t;) = z; and x(¢¢) = xr.

From now on we will focus on the case of the infinite line I = R.

The gradient trajectories R — X necessarily start and end at the critical points of f
(recall that we have assumed that they are isolated). The corresponding moduli space is
therefore a union of connected components labelled by pairs of critical points of f, z_
and ., which play the role of the boundary conditions in the path integral. Let M, _ .
be the moduli space of the gradient trajectories, that is solutions x(¢) to (2.14), which
obey

xz(t) = zy, t— foo. (2.19)

We have evaluation maps

+

ev: My o XxR—= X, evi: Mgz, & X
(2.20)

ev(m,t) =z, (1), evi(m) =z, (t).

The simplest observables of our theory correspond to differential forms on X. They are
called the evaluation observables. The correlation function of the evaluation observables

https://doi.org/10.1017/51474748011000077 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748011000077

Instantons beyond topological theory. I 487

w; corresponding to differential forms w;, 2 = 1,...,n, on X, in the sector corresponding
to the boundary conditions x4 is given by the integral

o (1 (0)D(t2) - (1)), :/ Vi Wi Aevi,wa A Aevi,wp  (2.21)
Moy

If the forms w; have definite cohomological degrees, then, according to formula (2.21),
the above integral is non-vanishing only if the following selection rule (fermionic charge
conservation) is obeyed:

n
Z degw; =dimM,_ o, =ng, —ng_, (2.22)

i=1

where n, is the index of the critical point z.

Let us note that the correlation function (2.21) is invariant with respect to the time
shift ¢ — ¢+ const. This invariance is verified by the expression (2.21) due to the fact that
the time shifts act on M, _ . . Indeed, if z,,(t) is the gradient trajectory corresponding
to a point m € M,_ ., then so is

T (t) = T (t + 5).

Thus, we obtain an action of the transformations g*: m — m?®, s € R, on M,_ ...
Since the integral (2.21) is not changed by the changes of the integration variables, the
simultaneous time shift ¢; — ¢; + s, which can be absorbed into the change of moduli
m — m?, does not affect the correlation function.
Note that if we wish to distinguish contributions of different types of instantons, run-

ning between different critical points, we may also add a finite term
“+o0
AS, = —iT/ af (2.23)
—o00

to the action (2.16). Then the above correlation function will get multiplied by the factor
ir(f(z4)—f(z-))
e .

A natural way to obtain the term (2.23) is as follows: introduce an additional parameter
¥, the ‘¢ angle’. Let us set

T =19+ 1A, T =1 —iA\.

Let us add to the second-order action (2.6), instead of (2.10), the term

—m/ldf:—A/Idf—ir/Idf.

Consider the limit when A — 400, ¥ — —ico so that 7 = i(A — [9]) remains finite,
but 7 — —ioco. In this limit we recover the first-order Lagrangian (2.16) that we have
previously obtained in the A — oo limit, but with the term (2.23) added.
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The additional coupling constant 1 is the precursor of the B-field in two-dimensional
sigma models and the ¢ angle in four-dimensional Yang-Mills theory (this will be dis-
cussed in detail in Part II). The interpretation viewing the A\ — oo limit as the limit
7 — oo has a direct generalization to quantum field theories in two and four dimen-
sions, which we consider in Part II. However, in the context of quantum mechanics
(on a simply connected manifold), this does not add much extra value. Indeed, since
the instanton moduli space has finitely many components (labelled by pairs of critical
points x_, x), separating the contributions of different components with the weight
factor el7(/(z-)=f(z+)) does not make much of a difference (unlike the two-dimensional
and four-dimensional models, where the instanton moduli spaces have infinitely many
components).

2.5. Topological sector

Let us suppose now that our forms w; are closed, dw; = 0. Since the supersymmetry
charge @ of our model at A = oo corresponds to the de Rham differential, this means that
the corresponding observables @; are Q-closed. The correlation functions (2.21) simplify
considerably in this case.

This simplification is particularly drastic in the case when X is a K&ahler manifold,
and so we will focus on this case from now on. There are two reasons for that. The first
reason is that in the calculations below we would like to use the fact that the integral
of an exact differential form over M, _ ., is equal to 0. But M,_ ., is not compact,
and so this statement is not true in general. Note that M,_ . is the intersection of the
descending manifold X*+ of x; and the ascending manifold X,_ of z_. Recall that X*+
consists of the possible values at ¢ = 0 of the gradient trajectories [0, +00) — X whose
value at ¢t = 400 is the critical point z . Likewise, X, _ consists of the possible values at
t = 0 of the gradient trajectories (—oo, 0] — X whose value at t = —o0 is x_.

Now suppose that X is a compact Kéhler manifold and the Morse function f is the
hamiltonian of a vector field corresponding to a U(1)-action. Let us write this vector field
as i(¢€ — &), where ¢ is a holomorphic vector field on X. Then the gradient of f is the
vector field € + £. In this case the descending and ascending manifolds are isomorphic
to C™. Let us assume in addition that the manifolds X®+ and X, form transversal
stratifications of X. Then X+ has a natural compactification X*+ which is just the
closure of X*+ inside X. Since the descending manifolds form a stratification of X, this
closure is the union of the descending manifolds X ‘”/+, where /, runs over a subset of
the critical points which are ‘above’ z. Likewise, X, has a compactification which is
the union of X,» with 2/ running over the set of critical points that are ‘below’ x_. But
then the moduli space M,_ ., has a natural compactification obtained by ‘gluing in’
the moduli spaces Mzi,m;a where 2’ and 2/_ are critical points that lie ‘below’ z_ and
‘above’ xy, respectively.” Hence the moduli space M, _ ., is also a complex manifold and
its complement in the compactification has real codimension 2. Therefore, the integral

of an exact form over M, _ ., is equal to 0.

* Note that the evaluation maps extend naturally to this compactification.

https://doi.org/10.1017/51474748011000077 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748011000077

Instantons beyond topological theory. I 489

The second reason why an additional simplification occurs for Kéahler manifolds is
that in this case all ground states of the quantum hamiltonian at the A — oo limit are
@-closed, and hence they deform to true ground states for finite values of A. Indeed,
the action of the supersymmetry charge (Q on the ground states is given by the Morse
differential, as shown in [38]. Since the indices of the critical points are even if X is a
Kahler manifold, its action is equal to 0 in this case.

Let us now derive some properties of the Q-closed observables corresponding to closed
differential forms on a Ké&hler manifold X. First of all, they are independent of the
individual times ¢;, ¢ = 1,...,n. Indeed, using the Cartan formula

Ly, ={d,2,} (2.24)
for the vector field v = Vf, we find

T evy w; = —evy Lyw; = —d(evy tyw;),
hence the t-derivative of the integral (2.21) is equal to zero.

Another important property is that if all the w; are closed and at least one of them is
exact: w; = dn;, then the corresponding correlation function vanishes. Indeed, we then
find that

/ evflwl/\---/\evffkwak:/ d(evy, wa, A= Aevi nj A+ Nevy wy) = 0.
Mo oy Mo oy

This is also clear from the point of view of the original path integral, because the
Lagrangian of our theory is Q-exact.

This has an important consequence: consider the theory at finite values of A. As we
explained above, it can be viewed as a deformation of the theory at A = oo obtained
by adding to the Lagrangian the expression (2.18). Since this expression is Q-exact, the
corresponding correlation function of Q-closed observables will be independent of this
deformation, and so the answer that we obtain in the theory at A = oo will remain valid
at finite values of A (at least in some neighbourhood of A=! = 0).

Here it is important to note that the supersymmetry charge @) of the theory with
the action (2.11) is independent of A and corresponds to the de Rham differential (in
particular, it is the same for finite A as for A = o0). But the supersymmetry charge
of the ‘physical’ theory with the action (2.6) differs from it by conjugation with e=*f.
However, this conjugation does not change the evaluation observables corresponding to
the differential forms, and therefore these observables are Q-closed in both theories.

Thus, we arrive at the following conclusion: there is a sector of the ‘physical’ theory
which is independent of A. It comprises the @-closed observables, corresponding to closed
differential forms on X. The correlation functions of these observables (on the infinite
line and with the boundary conditions x; = z_, xr = z4) are given, for all values of

A, by integrals over the finite-dimensional moduli spaces of instantons M;_ .. .* The

* More precisely, because the Lagrangian (2.11) differs from the ‘physical’ Lagrangian (2.6) (for finite
values of A) by the term Adf, the correlation functions of the ‘physical’ theory will be equal to the
correlation functions of the first-order theory at A = oo times e~ 2/ (@) =Ff(z-)),
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correlation functions of the ()-closed observables w; do not depend on the closed forms
w; themselves, but only on their cohomology classes. For this reason this sector of the
theory is called the ‘topological sector’ and the corresponding theory is referred to as
‘topological field theory’. Alternatively, the Q-closed observables are referred to as the
‘BPS observables’ and the topological sector is called the ‘BPS sector’.

2.6. Analogy with the Gromov—Witten theory

It is instructive to note the analogy between the topological sector of the Morse quan-
tum mechanical model considered above and the Gromov—Witten theory. This analogy
will become more clear in Part II when we discuss the two-dimensional sigma models.
This material is discussed in more detail in [9].

Let X be a compact Kéhler manifold and X' a compact Riemann surface. The analogues
of the moduli spaces M,,_ ., in Gromov-Witten theory are the moduli spaces M x (X, ()
of holomorphic maps @: X — X of a fixed degree 8 € Ho(X). For a point p € X we have

evaluation maps ev,: Mx(X,5) = X. Now, given an n-tuple of points p1,...,p, and a
collection of differential forms wy,...,w, on X, we can consider the integral
/ evy (W) A Aevy (wn). (2.25)
Mz (X,8)

We will assume for simplicity that (X, (p;)) does not admit any continuous automor-
phisms. This integral® is analogous to the integrals (2.21). They are equal to correlation
functions of evaluation observables of the two-dimensional supersymmetric sigma model
with the target X in the infinite radius limit (we will consider this model in more detail
in Part II).

Let M, (X, 8) be the moduli space of data (X, (p;), ), where X' is a genus g Riemann
surface. Then we have a projection 7y ,,: Mg n(X, 8) = Mg, and M (X, §) is the fibre
of g at (X, (p1)) € My,. We have natural evaluation maps ev;: My (X, 8) — X.
The general Gromov—Witten invariants are the integrals

/ evi(wi) A« Aevy (wn). (2.26)
Mgn(X,8)

These are the correlation functions of what is often referred to as the ‘sigma model cou-
pled to gravity’, and the observables are the ‘cohomological descendants’ of the evaluation
observables.

Instead of integrating over M, (X, 3), we may take the pushforward

Tgne(€VI(W1) A -+ Aevy(wn)), (2.27)

* The moduli space M5 (X,3) is not compact, but for compact X this integral is well defined for
smooth differential forms w; on X under the above assumption on (X, (p;)).
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which is a differential form on M, ,,. In particular, (2.25) occurs as a special case when
the degree of this differential form is equal to zero. Then its value at (X, (pi)) € My, is
given by (2.25). More general observables give rise to differential forms of positive degree
on Mgy p,.

More precisely, we need to replace Mg, (X, 3) by the Kontsevich’s space of stable
maps M, (X, 3) and M, by its Deligne-Mumford compactification M, .

In the quantum mechanical model the analogues of the moduli spaces of holomorphic
maps are the moduli spaces M,_ .. of gradient trajectories, and the analogues of the
moduli spaces of stable maps are compactifications of M, _ .. discussed above. The
integrals (2.21) that we have considered so far are the analogues of the integrals (2.25).

The definition of the analogues of the more general integrals (2.26) is also straight-
forward. Let M;_ .. ,, be the moduli space of data (p1,...,pn,x), where py,...,p, are
distinct points of the real line, considered as an affine line, i.e. without a fixed coordi-
nate, and z: R — X is a gradient trajectory. If we choose a coordinate ¢ on R, then we
can replace (p1,...,pn) by the real numbers (¢1,...,t,) and = by a parametrized map
x(t). Other coordinates are obtained by a shift ¢ — ¢t + u. Therefore, we may equiva-
lently consider the data (ti,...,t,,z(t)) modulo the diagonal action of the group R of
translations:

(t1, s tn,x(t)) = (b1 u, .oty +u, (4 w)).

Note that the group of translations plays here the same role that the group PGLg
of Mébius transformation of ¥ = CP' plays in the Gromov-Witten theory. We have a
natural map m,: Mz_ ;. — Conf,, where

Conf, = (R™\A)/Rdiag ~ RZ"

is the configuration space of n points on the real line (here A is the union of all diagonals).
It plays the role of M, ,,. There is also a natural relative compactification M,
My _ 2, n defined similarly to the moduli spaces of stable maps (see [9]).

We have the evaluation maps ev;: M, ,o.n — X corresponding to evaluating the map
z: R — X at the point p;. Now it is clear that the analogues of the general Gromov—
Witten invariants (2.27) in Morse theory are obtained as the pushforwards

_zymn Of

T (€V] (W1) A+ Aevi (wy)). (2.28)

These ‘Morse theory invariants’ are nothing but differential forms on the configuration
space Conf,,. The simplest examples are the O-form components of these differential forms
whose values at fixed points p1,...,p, are just the integrals (2.21) introduced above.
These more general correlation functions may be interpreted as the correlation functions
of the &; and their ‘cohomological descendants’, which are constructed following [42].
Note that the observable w; is a O-form on the ‘worldline’ R, i.e. a function. The
cohomological descendant of @; is the 1-form d)fl) on R defined by the formula

o) =@ dt,
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where v is the gradient vector field V f. In particular, suppose that w; is a closed differ-
ential form on X. Since w; is obtained from w; by pulling back with respect to a gradient
trajectory, we have dw;/dt = E/U;i, where L, is the Lie derivative with respect to the
gradient vector field v. Since the action of ) corresponds to the action of the de Rham
differential dx along X, we obtain, using the Cartan formula Lv; = {dx, vy}, that

Q- oM at = d,

where d; is the de Rham differential along the worldline. This is analogous to the formula
for the cohomological descent in the Gromov-Witten theory [42].

The general ‘Morse theory invariants’ (2.28) may be interpreted as correlation functions
of observables of this type alongside the @; considered before.

More precisely, when we take the pullback of a differential p-form w; on X via
ev;: /\;l_t_7x+7n — X, we obtain a p-form on Mx_,x+,n7 which decomposes locally into
the sum of two differential forms. One is a p-form along the fibre of the projection m,
and 0-form along the base: it corresponds to &;, and the other is a (p — 1)-form along the
fibre and a 1-form along the base: this is dji(l). Thus, the correlation function of m ‘zero-
observables’ @; and k ‘one-observables’ @él) will pick up precisely the k-form component of
the general ‘Morse theory invariant’ on Conf,, defined by formula (2.28).

From the physical perspective, defining these more general correlation functions cor-
responds to ‘coupling our quantum mechanical model to gravity’. In the path integral
formalism it is described as follows. We write our action in the form

S = /(—ip’q' +imy) 4+ H dt),

where H is the classical hamiltonian whose quantization gives £,, and @Q* is its super-
partner whose quantization gives 1,. In order to enforce the invariance under the time
reparametrizations and at the same time preserve the @Q-symmetry we add the einbein
field e and its superpartner x = @ - e and consider the action

Stopgray = / (—ip/g +im) + (eH — xQ7) dt). (2.29)

The path integrals corresponding to this action may be expressed in terms of the ‘Morse
theory invariants’ (2.28).

Note also that more generally we may consider arbitrary graphs instead of the real
line. We then need to assign to each edge of the graph a Morse function and impose
the condition that the sum of the functions corresponding to the edges coming out of
each vertex is zero. The corresponding integrals are related to the integrals considered
by Fukaya [19]. They may also be interpreted as the terms of the perturbative expansion
of a particular quantum field theory on X. For instance, if we only allow three-valent
graphs, this will be the perturbative expansion of the (generalized) Chern—Simons theory
on X around a particular background, and can be viewed as a topological open string on
T*X, as in [36,43]. More precisely, if we allow N different Morse functions fi,..., fn,
then this will be the Chern—Simons theory with the Lagrangian

L=Tr(ANdA+ 2ANANA),
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where A is an N x N-valued differential form on X, and we make the perturbation theory
expansion around the 1-form diag(dfi,...,dfn). This is however beyond the scope of
the present paper.

For more on the topological supersymmetric quantum mechanics, see [28, 30].

2.7. More general observables

As we discussed above, the observables in the BPS sector correspond to closed dif-
ferential forms on X. However, any differential form w on X gives rise to a legitimate
observable in our theory, and the correlation functions of such observables are still given
by the same integrals over the moduli spaces M, _ . (or M,_ .. ) as in the case of
closed forms. The difference is, of course, that these correlation functions are no longer
independent of A, so this answer is correct only at A = co.

Why should we bother considering non-BPS evaluation observables? We have already
partially answered this question in the Introduction. In particular, if we only consider
the BPS observables, we cannot gain any insights into the structure of the space of states
of our theory beyond the ground states. Indeed, their correlation functions only depend
on their @-cohomology classes. One can modify any BPS observable by @Q-exact terms
so as to make it commute with @@ and @*. Such a representative transforms a ground
state into a ground state. But non-BPS observables transform ground states into excited
states, and, as we will see below, we can understand the structure of the space of states
by considering their correlation functions.

Besides, considering non-BPS observables allows us to bring into play some important
(Q-exact observables, which are ‘invisible’ in the BPS sector.

A general local observable of the quantum mechanical model that we are considering
corresponds to the quantization of an arbitrary function O(z, p, ¥, 7). Upon quantization
they become differential operators on 2°(X):

R 0 0
O sy W HO:O a_'ia a_.i .
(z,p,v, ) (m lax¢ 13¢>
Examples are the differential forms themselves, which we have already considered above,
and the Lie derivatives £, with respect to vector fields on X. If we write v = v#9/0xH,
then

yn
(o)

These observables have a transparent path integral interpretation. Namely, inserting this
observable at the time ¢y corresponds to infinitesimally deforming the gradient trajectory
at the time ¢y along the vector field v. In particular, our hamiltonian is included among
these observables.

The observables L, are Q-closed, but they are also Q-exact, as follows from the Cartan
formula £, = {d,,} that we have already encountered above.

This means that if we insert the operator £, into a correlation function of BPS observ-
ables, then we will obtain zero. But the observables L£,, and other differential operators,
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play a very important role in the full theory. Indeed, on a Kahler manifold we often
have a large Lie algebra of global holomorphic vector fields, and the corresponding Lie
derivatives will be chiral operators of our theory. The algebra of holomorphic differential
operators that they generate is the precursor of the chiral de Rham complex of [31].
If we wish to understand the role played by the chiral de Rham complex in the two-
dimensional sigma models, it is natural to consider its quantum mechanical analogue:
the algebra of holomorphic differential operators on X (more precisely, its supersymmet-
ric analogue: the algebra of holomorphic differential operators on IITX). But in order
to obtain non-trivial correlation functions involving these operators we must consider
non-BPS observables.

As we already indicated above, at A = oo the correlation functions of non-BPS evalu-
ation observables are easy to obtain from the path integral point of view. Our goal now
is to give an interpretation of these correlation functions from the Hamiltonian point of
view. In other words, we wish to describe explicitly the space of states of the theory at
A\ = oo, represent the general observables as operators acting on this space and represent
their correlation functions as matrix elements of these operators. We will take up this
task in the next section.

3. Hamiltonian formalism

In the previous section we discussed the Lagrangian (or path integral) formulation of the
supersymmetric quantum mechanical model on a K&hler manifold X governed by the
first-order action (2.13) in the limit A = oco. This formulation is convenient because it
gives a simple answer for the correlation functions of the observables corresponding to
differential forms on X: they are given by integrals over finite-dimensional moduli spaces
of gradient trajectories.

Now we would like to develop the Hamiltonian formalism for this model. This means
that we need to define the space of states of the model and realize our observables as
linear operators acting on this space of states. The correlation functions are then given
by matrix elements of these operators. Note that the Lagrangian description provides
us with an important testing device: these matrix elements should reproduce the finite-
dimensional integrals described above.

We will see in this section that the Hamiltonian structure of our model is rather
unusual: the quantum Hamiltonian is non-hermitian and even non-diagonalizable, and
the space of states decomposes into the spaces of ‘in’ and ‘out’ states. However, these
spaces have a simple and geometrically meaningful description in terms of the stratifica-
tions by the ascending and descending manifolds of our Morse function. Moreover, the
spaces of states exhibit holomorphic factorization that is absent for finite values of A.
This leads to a great simplification of the correlation functions. In §5 we will establish
the equivalence between the results obtained in the Hamiltonian and the Lagrangian
formalisms, discovering along the way some interesting identities on integrals of analytic
differential forms.
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3.1. Supersymmetric quantum mechanics at A = oo

Our task is to describe the Hamiltonian formalism of the theory with the first-order
action (2.13). Following the most obvious route, we start with the classical hamiltonian
found from this action:

. af 8 of
_ /v Qv «
Hclass 1 <p#g oxV + o1 (g v ) 7Tu¢ ) .

Its naive quantization is the operator
Hnaive = ['v7

which is the Lie derivative with respect to the gradient vector field v = V f.*
The corresponding supersymmetry charges are Q = d and @Q* = 21,,. They satisfy the
relation

Hyaive = %{Qv Q*}

according to Cartan’s formula (2.24).

The standard Hodge theory, which is at work in the quantum mechanical model at finite
values of A (see §2.1), deals with the operators like d and d*, which depend explicitly on
the metric on the manifold X. Here we choose instead the operators d and 2¢,,, for some
vector field v, which are metric independent. The problem with this definition is that
the Hamiltonian £, is a first-order differential operator, which naively has an unbounded
spectrum. Also, if we take the time evolution operator

o—tHnaive
for large ¢, it will tend to make the wave functions concentrated near the critical points of
the Morse function (where v = 0), thus posing some problems with completeness. Besides,
the choice of zero eigenstates of Hyaive seems quite ambiguous, for any differential form
(or current) supported on a v-invariant submanifold in X naively leads to such a state.
Finally, in the standard supersymmetric quantum mechanics the operators @ and Q*
are adjoint to each other, and as the result, the Hamiltonian is self-adjoint. But this
property no longer holds in our case, and so we cannot expect that £, is self-adjoint.

3.2. Way out: A regularization

In order to make sense of all this, we recall how we got the action (2.13) in the first
place: we started with the second-order action (2.6) for finite values of A, then we added
the topological term

- [ xdf = M) - ), (31)
I
passed to the first-order action (2.11), and finally took the limit A — oo. This suggests
that in order to develop the correct Hamiltonian formalism of the theory we should
retrace these steps from the Hamiltonian point of view.

* The importance of considering such first-order Hamiltonians has been emphasized by Gerard 't Hooft.
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We recall from §2.1 that the hamiltonian of the theory with the action (2.6) is given
by formula

H = %{Qv Q*}’

where
1

Q=d+AdfA, Q*:Xd*Jerf.
This hamiltonian is Witten’s Laplacian given by formula (2.4). The corresponding space
of states is just the space of Lo differential forms on X. This is a Hilbert (super)space
with respect to the hermitian inner product (2.1).

Here it is important to note that because we rescale by A both the Morse function and
the metric on X (which leads to the overall factor A™! in the formula for Q*), we obtain
Witten’s Laplacian multiplied by A~!. This difference in normalization is important: in
the normalization of [38] the smallest non-zero eigenvalue of the Hamiltonian is of the
order of A\, and hence only the ground states survive in the limit A — oo (recall that we
are under the assumption that X is Kéhler, and so all ground states at A = co deform to
true ground states at finite \). In our normalization not only the ground states, but also
the states with the eigenvalues proportional to A (in the normalization of [38]), survive
in this limit. These will be the excited states of our theory at A = oo, as we will see
below.

The next step is to add the term (3.1) to the action. What does this correspond to
from the Hamiltonian point of view? To see that, we recall the correspondence between
the correlation functions in the Lagrangian and Hamiltonian formalisms expressed in
formula (2.8). When we add the topological term (3.1) to the action, the right-hand side
of this formula is multiplied by e*/(#)=f(#)) This means that the correlation function
in the new theory (with the term (3.1)) between the ‘in’ state e (®)@(z;) and the ‘out’
state e M @)W (z¢) is the same as the correlation function of the old theory (without
the term (3.1)) between the states ¥ (z;) and ¥*(x¢).

Thus, we obtain that from the Hamiltonian point of view the effect of the addition of
the term (3.1) to the action is as follows.

e The ‘in’ states get multiplied by e*(*);

Vs =M, (3.2)

e The ‘out’ states get multiplied by e~*f(#):

T s 0 = e Mo, (3.3)

e The operators get conjugated:

O 0O =eMOe M.
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The last rule applies, in particular, to the operators Q, Q* and H. We find that the
new operators are*

Qr=0=eMQe M =4, (3.4)
. 1

Q; == Q* = e)\fQ*ei)\f - 21/1) + Xd*, (35)

. 1

Hy=eMHe ™ = 1Q,,Q3) = Lo, — G (3.6)

Finally, we may take the limit A — oo and we indeed recover the operators @), @* and
H.ive that we discussed above.

However, now we obtain a more clear picture of what is happening with the space of
states as we perform the above procedure. Namely, to obtain the ‘in’ space of states we
need to choose a suitably normalized basis of eigenfunctions of the Hamiltonian H, then
multiply all of them by e*f and pass to the limit A — co. Likewise, to obtain the ‘out’
space of states we need to multiply those basis eigenfunctions by e~ and then pass to
the limit. The main question is of course what we mean by ‘taking the limit’, in particular,
in what ambient space the limiting elements ‘live’. As we will argue in §4, the proper
ambient space is not the space of functions on X (or, more generally, differential forms),
but the space of generalized functions, i.e. a suitable space of linear functionals on the
space of functions (or, more generally, currents, i.e. functionals on the space of differential
forms). We will first explain how this works in the flat space, namely, for X = C, and
then discuss in detail the first example of a ‘curved’ space, namely, X = CP*.

Before proceeding with these examples, we wish to comment on the reason why the
spaces of ‘in’ and ‘out’ states turn out to be different in the limit A — oo. This is easiest
to explain from the Lagrangian point of view. The ‘in’ and ‘out’ states in a general
quantum mechanical model may be constructed by acting by local observables on the
vacuum and covacuum states, respectively. Namely, let O;(¢;), ¢ = 1,...,n, be observables
with ¢ < to < -+ <t, and (O, (ts) - - - O1(t1)[0))(x) the corresponding state, considered
as a differential form on X. Then we have the following symbolic representation of this
state using the path integral:

(On(tn) -+ O1(t1)|0))(x) = / O1(t1) -+~ Op(tn)e™ . 3.7)

z(t): (—00,0] > X; z(0)=x

* Note the difference between this conjugation and the procedure by which we had defined the opera-
tors Q and Q* in formulae (2.2), (2.3): there we defined Q by conjugating d by e~*f, and then defined
Q* as the adjoint of Q, so that Q* was obtained by conjugating d* by e*/ (and dividing by \). In partic-
ular, their anti-commutator {Q, O*} has a very different spectrum from {d,d*}. Now we are conjugating
both Q and Q* by e, The resulting operators are @ = d and

0" = §e2)\f d*e—2M

They are not adjoint to each other any more. But the corresponding anti-commutator {Q, Q*} has the
same spectrum as {Q, Q*} for any finite value of .
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The boundary conditions at £ = —oco in the above integral are determined by the choice of
the ground state |0). Likewise, an ‘out’ state of our model is constructed by the formula

((0]01(s1) - - O, (sm)) () = Oi(s1) - Op(sm)e™,  (3.8)

~/x(t): [0,400)—=X; z(0)=z
where the boundary conditions at t = +o00 are determined by the choice of the covacuum
state (0.

This construction allows us to define a natural pairing between the two spaces: if we
denote the state (3.7) by ¥ and the state (3.8) by ¥*, then by definition

() = / Or(tr) -+ On(t)OL(51) - O (sm)e5,  (3.9)
z(t): (—oo,+00)—=X

with appropriate boundary conditions understood.

In general, the spaces of ‘in” and ‘out’ states are different. However, suppose that the
action of our theory is CPT invariant, that is invariant under the time reversal ¢ — —t and
complex conjugation (this corresponds to the Hamiltonian being a self-adjoint operator).
In this case we have a natural anti-linear map from the space of ‘in’ states to the space of
‘out’ states: namely, by applying the time reversal and complex conjugation we transform
the integral (3.7) into an integral of the form (3.8), hence we transform an ‘in’ state into
an ‘out’ state. This allows us to identify the two spaces in the case when the action is
invariant under the CPT symmetry. Combining this identification and the pairing (3.9),
we obtain a hermitian inner product on the resulting (single) space of states.

However, our action is not invariant under the above CPT symmetry. The original
action (2.6) is CPT-invariant, but the topological term (3.1) that we have added to it
breaks this invariance.* Therefore, there is no natural identification between the spaces
of ‘in” and ‘out’ states. For finite values of A, the CPT invariance is only mildly violated:
when we apply the CPT transformation, we shift the action by 2A [ df. This means that
there is still a map from the space of ‘in’ states to the space of ‘out’ states, but it involves
multiplication by e~ 2*/. More precisely, this map sends

Ui e M ww,

However, the operation of multiplication by e~?*/ has no obvious limit A — 0o, and so
at A = oo the two spaces become non-isomorphic. This is reflected in the fact that the
action (2.13) is not CPT-invariant and the hamiltonian Hyaive is not self-adjoint. Thus,
we arrive at the following conclusion.

In the Iimit A — oo our model has two spaces of states: the space of ‘in’ states H™, and
the space of ‘out’ states H°. The transition amplitudes define a pairing:

Hout ® Hin N (C,

but the two spaces are not canonically isomorphic.

* Note that the invariance would have been preserved if A were purely imaginary, but we need A to
be real!
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3.3. The case of flat space C
Now we analyse the simplest example where we can follow the fate of the states in the
Hilbert space while taking the A — oo limit. This is the case X = C,

[= %w|z|27 g =dzdz,

where w is a non-zero real number. Thus, g,z = %, g** = 2. The corresponding gradient
vector field is

v=Vf=w(z0,+ z0z). (3.10)

The potential is
jdf? = w?|2f%,

and the Hamiltonian has the form
2 A
Hy = =300z + 5w2|z|2 + K.,

where
K,=wF+F-1),

where F' and F are the fermionic left and right charge operators. Thus, K,, is equal to
—w on 0O-forms, 0 on 1-forms, and w on 2-forms. Hence our model is nothing but the
two-dimensional supersymmetric harmonic oscillator.
We have the following orthonormal basis of eigenfunctions of Hy: the 0-forms
1

Ty 5 = = A= 2gngn (e=Awl==) - 7 > 0, (3.11)
Vr(w)rtn=1nlal

and the 1-forms and 2-forms obtained by multiplying ¥, » with dz and dz. The corre-
sponding eigenvalues are
Enn=lwln+n+1)+ K,. (3.12)

Note that these eigenfunctions have an additional property that they are also eigenfunc-
tions of the operators of U(1) rotation z — ze'®.
Now we describe the space of eigenfunctions of the conjugated operator

. 2
H)\ = e)\fH/\e_Af = w(zé)z + 285) — Xazag + (Kw + Ld) (313)

and its adjoint. They will be basis elements of the ‘in’ and ‘out’ spaces of states. The
eigenfunctions of Hy are obtained by multiplying the functions ¥, » (and the corre-
sponding differential forms) with e’/ = e***2/2 and the eigenfunctions of its adjoint are
obtained by multiplying with e M = e~ 2w2#/2,

At this point the sign of w becomes crucial. Let us assume first that w > 0. This means
that the point 0 is a ‘repulsive’ critical point: the gradient trajectories flow away from 0.
In this case a basis of the ‘in’ space is given by the functions

77in 1 AwzZ an an —AwzZz =
Wn,ﬁ = We az age 5 n,n 2 O, (314)
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and the differential forms obtained from them by multiplying with dz and dz. We recall
that the ‘out’ state corresponding to an ‘in’ state ¥ is e~ > x . Therefore, a basis of
the ‘out’ space is given by the 2-forms

rout Aw 1 nAan  —Awzz = =

v = %Wﬁz O0ze dzdz, n,n >0, (3.15)
and the differential forms obtained from them by contracting with the vector fields 0,
and Jz. The eigenvalues of H) on these functions are given by the same formula (3.12)
(so they are independent of A).

Here and below we use the notation

dzdz=d%z=idzAdz=2dzAdy, z=x+1iy. (3.16)

The normalization in formulae (3.15) and (3.15) is chosen in such a way that these
expressions have well-defined limits as A — oo (see below) and the pairing between ¥,
and Yo't is equal to &y,m05 7. To obtain the ‘in’ states satisfying this property, we

m,m

multiply the states ¥, 5 by the function
Apn = Vanll(dw) (D2 wl22/2.

and to obtain the ‘out’ states we multiply ¥, by (A, 7). This suggests that the
transformation from the states of the theory at finite A to the ‘in’ states of the new
theory, normalized as above, is achieved not merely by multiplying the states by e*/, but
by applying the operator

W @it = \TV2A (\TH2l gy,
Likewise, for ‘out’ states we have
1/ @out — /\1/2e—Af(/\H/2|w| g/)

We now come to the key point of our analysis: finding the limits of the states (3.15)
and (3.15) as A — oo. First, we find from formula (3.15) that in this limit we have

@;‘ﬁ — (=1) Ttz
so the wave functions become monomials! On the other have, we find that

~ 1 B
W — ——0rars?) (2, 2) dz dz.

Thus, the ‘out’ states become the derivatives of the delta-form supported at 0 € C!
We conclude that the space of ‘in’ states of our theory at A = oo is the space of
polynomial differential forms on C:

H = C[z, 2] @ A[dz,dz], (3.17)
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on which the Hamiltonian H = H., simply acts by dilatations:

e MW (z,2,dz,dz) = ¥(qz, q7,qdz, qd2),

where g = e™¢t.

There is a unique ground state, !Z~7\‘,gc =1, and the spectrum of excited states is degen-
erate, consisting of all positive integers.

The space of ‘out’ states is the space of ‘delta-forms’ supported at z = 0:
HOU = A[dz,dz] ® C[D,, 8] - 6P (2, 2), (3.18)
on which the evolution operator acts as
e r(dz,dz, 0., 82)6(2)(,2, 2) = ¢*T(q ' dz, ¢ dz, 0., q82)5(2)(z, zZ).

We see that H acts on H™ as L,, where v is the gradient vector field given by for-
mula (3.10), and on H°' as —L,, yet the spectra of these two seemingly opposite oper-
ators are identical. This is how the ‘self-adjoint’ nature of the Hamiltonian is realized in
the A — oo limit.

There is a natural pairing between the ‘in’ and ‘out’ spaces defined by the formula

<¢out’@in> _ /jout A @in.

This pairing is well defined because W' is a distribution (more precisely, a current)
supported at 0 € C and ¥ s a differential form that is smooth in the neighbourhood
of 0. This completes the analysis of the spaces of states in the case when w > 0.

Now consider the case when w < 0, which corresponds to an ‘attractive’ critical point
0 € C. Then the roles of H'™ and H°"* are reversed. Thus, H™ is the space of delta-forms
with support at 0 € C and H°" is the space of polynomials functions on C.

3.4. The kernel of the evolution operator in the limit A — oo

It is instructive to analyse how the kernel of the evolution operator at finite A becomes
the delta-form supported on the gradient trajectories in the limit A — oco.

Suppose we study supersymmetric quantum mechanics on an n-dimensional manifold
X, and the space of states is the space of Lo differential forms on X. Then the kernel K,
of the evolution operator is an n-form on X x X defined by the formula

(@ e () = / K (i y) A () A +T* (y).
XxX

It is normalized so that K is the delta-form (of degree n) supported on the diagonal in
X x X.

Suppose that we have a complete basis {¥, } of normalized eigenfunctions of the Hamil-
tonian H, with the eigenvalues {E,}. Then we have the following formula for K:

Ko = pf (¥ (2))pi (<75 (y)a™, (3.19)
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where ¢ = e~ and p;, pr are the projections X x X — X on the first and the second

factors, respectively.
Let us compute the kernel of the evolution operator in the theory on X = C at finite
A, before conjugation by e*. We have the complete basis

Wn,ﬁypyﬁ = Wnﬁ(dz)p(dZ)ﬁ, n, n 2 07 p,ﬁ = O, 1

where ¥, 5 is given by formula (3.11). Thus, the degree of this state considered as a
differential form on C is p 4+ p. These states are eigenstates of the hamiltonian H) with
the eigenvalues |w|(n + 7 + p + p). In addition, they are eigenstates of the rotation
operator P, which is the Lie derivative with respect to the vector field |w|(20, — Z0%).
The corresponding eigenvalues are |w|(n — 7 + p — D).

Instead of considering the kernel K, of the evolution operator e* we will consider
the kernel K,  of the modified evolution operator e tH+P)/2-1(H-P)/2 (it reduces to K;
if £ = t). Denote ¢ = eIt § = e~1*I?, Let us consider the (p,5) = (1, 1)-form component
of K;, which we will denote by K1) (for other components formulae are similar). We
have an analogue of formula (3.19), from which we find that

Z Yy n11(2,2)W 51,1 (w0, 0)q" 7" d(qz — w) A d(qz — ). (3.20)
Denote this expression by U, ;d(qz — w) A d(gZ — w). Using formula (3.11), we find that

o qnqﬁ AMw|(zz+ww) /2 qn gn —A|w|2Z2\ 9n gn —A|w|ww
U= Z We (07 0%e )05 0e

n,n

_ /\ﬁe/\|w|(z2+wu’))/2 exp( 8 8 + | |6 a ) —/\|w|(22+wu’1)-

m Alw]

Substituting the formula

. dk dk kk _
—Aw|zz — _ (s
¢ / AMw|m P ( Aw| +1(/{:z+kz)>

in the above expression, we obtain

Al _ gz - qo
P g o))

o Alw] 1 > -
Uit = (11— q) exp (2)\|w|(zz win)

Before we pass to the limit A — oo, we need to multiply U, ; by M (2:2) = f(w0)) where
f(z,%) = 3wzz. Suppose that w > 0 (for w < 0 the calculation is similar). Then we find
that \
2w g a2)).

It is clear that when A — oo, this expression tends to the delta-function supported on
the shifted diagonal w = qz, w = ¢z:

Ut,EHUtt':_GXP<—
q)

53 (w— gz, 0w — Gz).
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Therefore, the kernel K} 7 of the (modified) evolution operator tends to
Ki;— 0P (w— qz,w — g2) d(gz — w) Ad(gZ — @). (3.21)

As expected, this is precisely the delta-form supported on the shifted diagonal w = ¢z,
which corresponds to the flow along the gradient trajectory z — zq.
This completes our analysis of the spaces of states of the model defined on X = C.

3.5. The case of CP': ground states

Now we consider the first non-trivial ‘curved’ manifold, namely, X = CP'. We will
choose the Fubini—Study metric

1+ 22)%’
and the Morse function B
_1lzz-—1
42zl

The corresponding gradient vector field is the Euler vector field

v =20, + Z05,

and so it has the form v = £ 4+ £, where £ = 20, is the holomorphic vector field on CP!.
This vector field generates the standard C* action: z — zq, ¢ € C*.
The hamiltonian (before conjugation by e*/) is given by formula (2.4), which in this

case reads
2 A zZ zz—1 _
Hy=—-=(1+422)%0.0: + = — F+F—1). 3.23
A=) U e NG ) (3.23)
Our Morse function has two critical points, z = 0 and z = oo (see Figure 1). Near z =0
we have
f:,%Jr%Zng...’ (3.24)
while near z = co we have
f=1—-3ww+-, (3.25)

where w = 271

is a local coordinate near the point co.

Thus, z = 0 is a ‘repulsive’ critical point, and z = oo is an ‘attractive’ critical point.
This indicates that both scenarios discussed in the case of the flat space X = C should
somehow be realized in the CP! model.

What is the structure of the spaces of states of our theory? We start with the ‘in’ space
H™. For finite values of A the space of states is the space of Ly differential forms on CP*.
It is easy to find the ground states of Hy. There are two of them, and they are localized

near the critical points. The one corresponding to z = 0 is the function

— A —Af
0Wvac = me ) (3:26)
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z=0

=00

Figure 1. Morse theory on CP*.
and the one corresponding to z = oo is the 2-form

A

_ Af
coPvac = me WFS, (3.27)
where
e — dzdz
P57 (14222

is the Fubini-Study Kahler form. To see that these are ground states, we check that
they are annihilated by both supersymmetry charges. In each case, we obtain that one
of the supercharges obviously annihilates it by counting the degree of the differential
form, and it is a straightforward calculation to show that the other one does as well. We
have normalized these states in such a way that they have unit norm with respect to our
hermitian inner product (2.1).

Now we change the theory by adding the term (3.1) to the action. As explained in § 3.2,
this amounts to multiplying the ‘in’ states by the function e*/. In the case of ground
states, we obtain the following states of the new theory:

0@in

vac

L,

Fin — A 2Af

o0 Fvac — me WFs-
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We have changed the normalization factors so as to ensure that the above expressions
have well-defined limits as A — oo (as distributions).

The limit of Oliigc is just the constant function 1. This is not surprising, because this
ground state corresponds to the point z = 0, which is a ‘repulsive’ critical point. So by
analogy with the case of X = C we should expect that this ground state, appropriately
rescaled, becomes the constant function. On the other hand, %2, corresponds to the
‘attractive’ critical point z = oco. Again, our analysis in the case of X = C suggests
that in this case we should expect the limit of this ground state to be the delta-form
supported at z = oo (or, equivalently, w = 0). This is exactly what happens: the above
formula, interpreted as a distribution on CP!, has a well-defined limit which is equal to
6@ (w, w) dw dw.

Likewise, we obtain the ‘out’ ground states by multiplying the suitably normalized
ground states by e~/ It is clear that mapping f — —f we interchange the ‘in’ and ‘out’
ground states. However, under this map the critical point z = 0 becomes ‘attractive’ while
the critical point z = co becomes ‘repulsive’. Therefore, their roles get interchanged, so
that the ‘out’ ground state corresponding to z = 0 is the delta-form supported at 0,
(5(2)(,27 z) dzdz, while the ‘out’ ground state corresponding to z = oo is the function 1.

3.6. Ground states for other Kahler manifolds

The calculation of the previous section has a natural generalization to other K&ahler
manifolds. Suppose that we have a compact Kéhler manifold X with a holomorphic
vector field &, which comes from a C*-action ¢ on X with isolated fixed points. Let us
denote the fixed points of ¢ by x,, a € A. We will assume that the set A is non-empty.
According to [16], there exists a Morse function f whose gradient is the vector field
v =&+ €. The critical points of f coincide with the fixed points of ¢ and the zeroes of &
and v.*

Under these assumptions, we have the Bialynicki-Birula decompositions [6]

X=|]xa=1]]x" (3.28)

a€cA acA

of X into complex submanifolds X, and X<, defined as follows:

Xo = {x eX ‘ t_l}ir_noO p(e") -z = xa}, (3.29)
X = {x e X ‘ Jim_o(c!) @ = xa}. (3.30)

The submanifolds X, and X“ are the ascending and descending manifolds of our Morse
function f, respectively, introduced in § 2.5. Each submanifold X, is isomorphic to C"«,
and X is isomorphic to C" ™ where the index of the critical point z, is 2(n — ng).
In what follows we will assume, for simplicity, that the following Morse—Smale condition
holds: the strata X, and X” intersect transversely for all a, 3. Then, according to [7],

* Note also that f is the hamiltonian of the vector field i(¢ — £), corresponding to the subgroup
U(1) C C*, with respect to the K&hler structure on X.
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the two decompositions (3.28) of X are in fact stratifications: that is, the closure of each
X, is a union of the Xz (and similarly for the X®).

In the case when X = CP' both stratifications consist of two ‘cells’: the ascending
manifolds are the one-dimensional cell Cy = CP* \oo and the point co € CP!, and the
descending manifolds are the one-dimensional cell C, = (C]P’l\O and the point 0 € CP*
(they satisfy the transversality condition). The above calculation shows that the ground
states of our theory may be viewed as the delta-forms supported on these cells. For an
open cell it is just the function 1, and for a one-point cell it is the delta 2-form supported
at that point.

In general, for each stratum X, or X of our decompositions we can construct a similar
delta-form, which we will denote by A, or A, respectively. For the sake of definiteness,
consider the case of ascending manifolds X,. Then A, is the constant function along X,
extended as a delta-form (of degree equal to the codimension of X, that is 2(n —n,)) in
the transversal directions. More precisely, this is a distribution (or current) on the space
of differential forms on X which is defined by the following formula:

(D) = / Mx.. 1€ QX) (3.31)

o

(the integral converges because 7 is well defined on X, which is assumed to be compact).

Under our assumptions, all critical points have even indices, and the semi-classical
analysis of [38] (see also [21,22]) shows that ground states are also in one-to-one corre-
spondence with the critical points of the Morse function. As in the case of X = CP', it is
easy to write down explicit formulae for the ground states corresponding to the minimum
and maximum of f, which are going to be a function and a top form, respectively.* For
the other ground states one can write approximate semi-classical formulae for large A,
which are essentially given by the Gaussian distributions around the critical points of
the form

n
aWac ~ €xp ( — )\Z | i zl|2) d*zp 11 Ao AdPz,, (3.32)
i=1
where the z; are normal holomorphic coordinates around x, with respect to which the
Hessian of f is the diagonal matrix with the eigenvalues pu;, i = 1,...,n, each occurring
with multiplicity two (recall our convention (3.16) for the differentials). We order them
in such a way that the eigenvalues p; are positive for ¢ = 1,...,n, and negative for
t=nqs+1,...,n.

On a general (real) manifold X, because of the instanton corrections, only some linear
combinations of these states give rise to true ground states for finite values of A. In
particular, because of the instanton corrections the supercharge @), acting on these states,
becomes the differential of the Morse complex [38].1 But in our case, since the critical

* While these are legitimate states in the models under consideration, we note that in more general
models of quantum field theory (and even in quantum mechanics on a non-compact manifold) the
analogous wave functions do not belong to the physical spectrum (see [45]).

1 Note, however, that they become ground states at A = oo, even though they are not annihilated by
Q, reflecting the non-Hodge nature of the algebra of supercharges in this limit.
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points have only even indices, each of the functions Wy, corresponds to a true ground
state of the Hamiltonian H) for finite .
Now we perform the operation of multiplication by the function e*/. Near z, we have

n
frf@a) + > palzil+ -
i=1
Therefore, after multiplication by e*/ the ground states become (up to an overall factor)
n
QT s T~ exp ( —24 > |) Cop 1 Ao A2 (3.33)
i=na+1

In other words, the terms with positive eigenvalues u; get canceled, while the terms with
negative p; get doubled. The resulting form (after including an appropriate A-dependent
normalization constant) tends to the delta-form A,.

For example, if X = CP', then the ‘delta-form’ on the open orbit Cy is just the function
1, and the delta-form corresponding to oo is 6 (w,w) d%w.

Thus, we claim that the suitably normalized ground states become, after multiplication
by e* and taking the limit A\ — oo, the delta-forms A,.

It is instructive to derive this result using the path integral approach. As already noted
above, we may construct states of the theory by using path integral over half-line (—o0, 0],
see formula (3.7). In particular, the vacuum state ¥ viewed as a differential form on

vac?’

X, may be represented symbolically by the path integral

e—S

Tila) = [

z(t): (—00,0] = X; z(0)=x
(where the action S includes the term (3.1)). The question is which boundary condition
to take at ¢ = —oo. Recall that in the limit A = oo that we are considering the path
integral localizes on the gradient trajectories. But the value of a gradient trajectory
x(t): (—00,0] = X at t = —o0 is necessarily a critical point. It is clear therefore that the
boundary condition that we need to take in order to obtain the ground state a@\‘,gc(ac) in
the limit A = oo is z(—00) = 4.

Thus, we find that ¥ _(z) is given by the integral of e over the gradient trajectories
x(t): (—o00,0] — X connecting z, at t = —oo and z at ¢t = 0. But such trajectories exist
only if x belongs to the ascending manifold X, and if it does, then there is exactly one
such trajectory! So from this perspective it is clear that a!l:/igc(x) has to be supported
on X,. One needs to work a little harder and analyse the fermionic contribution to the
path integral to see that Wi () is in fact the delta-form A, but since we have already
obtained this result from the Hamiltonian perspective, we will not do this here.

The same analysis applies to the ‘out’ ground states. Here we need to consider the
path integral on the half-line from 0 to +o00, so the ground states are supported on the
submanifold of those € X which could be connected to the critical point x, by a

gradient trajectory x(t): [0,+00) — X such that z(0) = z and z(4+00) = x,. This is
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precisely the descending manifold X“. From the Hamiltonian point of view this is also
clear, because the ‘out’ state corresponding to (3.32) is

Mo
QWO — e72M o Win . exp ( - QAZ | 1ti Zz|2) d?z A ANdP2,,,
i=1

which tends to the delta form A® supported on X¢.

To summarize, we have now determined the ground states of our quantum mechanical
model at A = oo, for any Kéhler manifold equipped with a Morse function satisfying the
conditions listed above.

The ‘in’ ground states are the delta-forms A, supported on the closures of the ascending
manifolds X,, of the Morse function, and the ‘out’ ground states are the delta-forms A®*
supported on the closures of the descending manifolds X©.

3.7. Back to CP': excited states

What about the excited states of the theory? For finite values of A explicit formulae for
those are unknown, but for large A we can understand the behaviour of ‘low-lying’ eigen-
functions of the hamiltonian H) qualitatively using the standard semi-classical methods.
Here ‘low-lying’ means that the eigenvalue remains a finite number as A — oo. In gen-
eral, there will be other eigenfunctions as well (for example, of order \), but since we are
interested in the limit A\ — oo, we will ignore them.

Let us consider the case of X = CP' first. Semi-classical approximation tells us that as
far as the low-lying excited states are concerned, the situation is as follows: the eigenfunc-
tions are localized in the neighbourhoods of the critical points, and the picture around
each critical point is qualitatively the same as in the case of the flat space X = C dis-
cussed in the previous section. Thus, we have two sets of eigenfunctions, corresponding
to the points 0 and co, which will be indicated by a subscript. In both cases we also have
to take into account the degree of the state considered as a differential form.

Consider first the states corresponding to the critical point z = 0 (we will mark them
with a left subscript 0). This is a ‘repulsive’ critical point as can be seen from the
expansion (3.24) of f near z = 0. Therefore, the structure of the low-lying eigenfunctions
localized near z = 0 will be the same as that of the eigenfunctions obtained in the case
of X = C and a ‘repulsive’ critical point. Let us start with the O-forms. Recalling the
formulae obtained in § 3.3, we find that those are labelled by two integers n, n > 0, and
near zero are approximately equal to

0¥n,7,00 = 2"z M 4 o™, mn,a>=0.

The first of them, ¢%y0,0,0 is in fact the ground state ¢Wyae given by formula (3.26).
However, we have now changed our normalization, so as to make the limits of these
functions, multiplied by e, well defined. We also have excited states that are 1-forms
and 2-forms:

oW mpp = z"Zﬁe*/\f(dz)p(dé)ﬁ 4+, n,n=0 p,p=0,1.
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After we multiply these eigenfunctions by e*/, they become polynomial differential
forms on Cy, which is the ascending manifold corresponding to the critical point z = 0.
Thus, we conclude that in the A — oo limit the space of ‘in’ states contains a piece

HE = Clz, 2] ® A[dz, dz],

as in the case of X = C and a ‘repulsive’ critical point.

Next, we look at the excited states corresponding to the critical point z = oo, or
w = 0, where w = 27! (we will mark them with a left subscript 0o). This critical point
is ‘attractive’, according to formula (3.25). Following the example of X = C with an
‘attractive’ critical point, and recalling the expansion of f near oo, we find that there
will be other eigenfunctions, which near w = 0 are equal to

_ A AL onam oay _ -1 _
o¥n,m1,1 = me ﬁ@wﬁu—)e dw dw + O(/\ ), n,n = 0.
The first of them is the ground state (3.27). We have again changed our normalization
so as to obtain a well-defined limit as A — oc.
Multiplying these forms by e*/ and taking the limit A\ — 0o, we obtain the derivatives
of the delta-form

~. 1 _
in _ =~ anan§(2) — _ _
oPninil = n!mawama (w,w)dwdw, n,n >0.

In addition, there will be 1-forms and O-forms ooj’jzr,ln,p,ﬁ

above 2-forms with the vector fields 9,, and Og. Thus, we obtain that this critical point
contributes the piece

obtained by contracting the

HIY = By, 05)0P (w, w) ® Aldw, dw)]

to the space of ‘in’ states of the theory at A = oo.
We conclude that the space of ‘in’ states is isomorphic to the direct sum of two sub-
spaces attached naturally to the critical points:

H® = HE O HE.

Naively, the hamiltonian is Hpaijve = Ly, which naturally acts on this direct sum. It has
as basis of eigenstates the obvious monomial basis of this space, and the eigenvalues are
non-negative integers.

However, we will see below that H™ does not canonically decompose into a direct sum,
but is rather an extension

0—HZ —H™ - HE — 0.

Moreover, as we will explain in §4, this space is realized as a canonical subspace of the
space of distributions on CP'. The hamiltonian is indeed £,, but acting on this space
it is not diagonalizable. It is diagonalizable on the subspace H*, but has generalized
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eigenvectors on ’H(icno that are adjoint to eigenvectors in HZ. We will give below explicit
formulae for the action of the hamiltonian.

The same analysis applies to the ‘out’ states of our model. Now the roles of 0 and oo
get interchanged, so the corresponding space of states is isomorphic to the direct sum

t t t
HO ~ HE‘; & Hg™,
where

HO™ = C[Ds, 056 (2, 2) ® A[dz,dZ],
HE™ = Clw, 0] ® Aldw, dw].

The naive hamiltonian is —£, which is diagonalized on the monomial elements, with the
eigenvalues being non-negative integers.
But in fact we will see that HJ"" is an extension

0 — H"™ — HO — HE — 0,

which is also realized in the space of distributions on CP'. The hamiltonian —£,, acting
on this space, has off-diagonal terms that make it non-diagonalizable.

3.8. Generalization to other Kahler manifolds and holomorphic factorization

The discussion of the previous section is generalized in a straightforward way to the
case of an arbitrary Kéahler manifold satisfying the above conditions. Recall that we
have the stratifications of X by descending and ascending manifolds. For each ascending
manifold X, we define the space H!" of all delta-forms supported on X,. In particular, it
contains the ground state A, constructed in §3.6. Moreover, the space HI is generated
from A, under the action of differential operators defined in the neighbourhood of X,.

To describe the structure of H in more concrete terms, we recall that the stratum X,
is isomorphic to C™ | where the index of the corresponding critical point x,, is 2(n —ng).

Let us choose holomorphic coordinates z;, i = 1,...,n, in the neighbourhood of X, C X
in such a way that the coordinates 21, ..., 2, are holomorphic coordinates along X, and
the holomorphic coordinates z,,_ 41, .., 2, are transversal to X, (so that X, is described

by the equations z; = 0, Z; = 0,4 = ng+1,...,n). Then HII is spanned by the monomials
which may schematically be represented in the form

H 2i%; de de H azk 8212 19,, Zagi Ay (3.34)

1<6,4,5,§ <N na+1<k,k,LI<n

(here, as before, 2, denotes the operator of contraction of a differential form by a vec-
tor field v). Thus, we see that H" is indeed generated from A, under the action of
(super)differential operators.

In addition, the space HI exhibits the following holomorphic factorization:

M o
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where FiI (respectively, F'') is the space of holomorphic (respectively, anti-holomorphic)
delta-forms supported on X,,.

For example, if n, = dim X, so X, =~ C" is an open subset of X, then H! is the
space of differential forms on C"=. Therefore, it factorizes into the tensor product of the
spaces F'* and FM of holomorphic and anti-holomorphic differential forms, respectively.

On the other hand, if n, = 0, so X, = w, is a point, then H" is the space of
distributions supported at .. It factorizes into the tensor product

Ha' = (C[0:] ® Ao, Di=1,....0 ® (Cl05,] ® Alta,, ])i=1,...n - Ao

(note that the operators 12y, anti-commute and hence generate an exterior algebra).
Therefore, we may write

HY ~ FP @ FT,
where

Fa =C]® Ao, Jiz,ms Fa' = Cl05] @ Alro, Jiz1,...n-

A proper interpretation of the space F' for a general critical point z,, is achieved in the
framework of the theory of holomorphic D-modules (see, for example, [25]).

Let us return to the case when n, = dim X and X, ~ C" is an open subset of
X. Then F* is the space of holomorphic differential forms on C"e. In particular, its
subspace of Fi0 of degree zero forms consists of holomorphic functions on X,. The
holomorphic differential operators on X, naturally act on F™°. Since X, is open and
dense in X, Fi*0 is the space of global sections of a holomorphic Dx-module, where Dy
is the sheaf of holomorphic differential operators on X. Its generator is the function 1,
which is annihilated by 0,,, i =1,...,n.

The entire space F.' may be viewed as the space of global sections of a D1 x-module,
where Dprx is the sheaf of holomorphic differential operators on the supermanifold
IITX. The constant function 1 is again a generator of this Dx-module.*

Now consider the space F* in the case when X, = x,. Then the degree zero part
Fin0 of FIn may also be interpreted as the space of global sections of a Dx-module,
called the Dx-module of ‘holomorphic delta-functions with support at z,’, or of ‘local
cohomology of Ox with support at z,’. It is defined as follows: its space of sections on
any open subset not containing the point x,, is zero, and the space of sections on an open
subset U containing z,, is the space F*0. To define the structure of Dx-module we need
to show how to act on Fi*Y by holomorphic differential operators on U. Without loss of
generality we may assume that U is a very small neighbourhood of z, with coordinates
21, ..+, 2n. Thus, we need to show how to act on Fi*0 by functions z; and vector fields 9,
This is done by realizing F*9 as the module over the algebra of polynomial differential
operators in z;, 0,,,1 = 1,...,n, generated by a vector annihilated by z;, ¢ = 1,...,n. Let
us denote this generating vector by 62°!. Informally, we may view 6°! as a ‘holomorphic
delta-function’, because it satisfies z; - 62°' =0 for all i = 1,...,n.

* Note that there is no natural structure of (left) Dx-module on the subspace f(;n’i of i-forms in .7:;“,
except for ¢ = 0. However, the subspace of top forms has a natural structure of right Dx-module.
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As for the entire space F.I, it may be viewed as a Dyyrx-module. It is generated by a
vector, which we denote by Al°! which satisfies the relations

Z,"AEOIZO, dzi-AgOI:Q i:l,...,n.

It is instructive to think of AB°! as the ‘holomorphic delta-form’. Note that §2°! =
19, 19z, AR (since AR is a top form).

For a more general critical point x, with index 2(n — n,), the space Fi* is a D7 x-
module, generated from a ‘holomorphic delta-form’ Al°! supported on X,,. By definition,
Abolis annihilated by z;, dz;, i = 1,...,n,, and by d.,, 19, 51 =MNa+1,...,n. The space
Fin is obtained from Al°! under the action of holomorphic polynomials along X, (in the
variables z1, ..., 2y, ) and holomorphic vector fields in the transversal directions (that is
Ozposrr -0z, ), as well as the exterior algebra in dzy,...,dzy,,, 1., v 0L,

In particular, the degree zero part of F' is the space of global sections of a Dx-
module. This Dx-module is in fact the pushforward of the Dx_-module Ox_ to X under
the embedding X, < X. It may also be realized as the local cohomology H "*(Ox)
of the structure sheaf Ox on X with support on X, (for more on this, see §4.8). The
entire space F'" is identified with the local cohomology H;L(:"‘” (2x no1), where £2x o is
the sheaf of holomorphic differential forms on X. It is naturally a Dprx-module.

For example, if X = CP', then there are two critical points: 0 and co. If 2, = 0, then
the corresponding stratum X, is Cy = C}P’l\oo. The corresponding algebra of differential
operators is generated by z and 9. The O-form part of ! is in this case the D-module
of functions on Cy. Its space of global sections is C[z], and the algebra of differential
operators naturally acts on it.

If z, = oo, then we have a coordinate at oo that we previously denoted by w. The
corresponding algebra of differential operators is generated by w and d,,. The 0-form
part of HM is the Depi-module of holomorphic delta-functions with support at oc. Its
space of sections over any open subset U € CP' containing co may be defined concretely
as C[w, w~!]/C[w]. In other words, it is the quotient of the space of functions defined
on Co, = (CIPl\O by the subspace of those functions which are regular at oo (thus, it
is spanned by the ‘polar parts’ of these functions).* It is generated, under the action
of 8y, by the vector 1/w. Inside the quotient Clw,w~1]/Clw] this vector is annihilated
by w, and hence it may be thought of as a particular realization of the ‘holomorphic
delta-function’ 62! at oo.

We have a similar description of the anti-holomorphic factor F.=.

Based on the semi-classical analysis similar to the one performed in the case of CP?,
we now describe the space of ‘in’ states as follows.

The space of ‘in’ states of the theory at A = oo is isomorphic to the direct sum

H~ PHr =P rir e F (3.35)
acA acA

* Equivalently, we could have chosen any open subset U containing co and taken the quotient of holo-
morphic functions on U\ oo by holomorphic functions on U; or we could take the quotient C((w™1))/Clw]
corresponding to the formal disc around oo.
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Thus, we observe the appearance of ‘conformal blocks’ (or ‘holomorphic blocks’) in the
space of states reminiscent of the structure of two-dimensional conformal field theory. It
is surprising that we observe this structure at the level of quantum mechanics, i.e. one-
dimensional quantum field theory. This structure is also reflected in the correlation
functions of the observables decomposing into the product of holomorphic and anti-
holomorphic parts: they decompose into the sum of products of holomorphic and anti-
holomorphic expressions. There are no non-constant smooth observables of this type, but
if we allow singularities of special kind, such observables can be easily constructed. For
example, in the case of X = CP' one can consider observables of the form

Mopde ) (s B;dz
(X0) (2 25)

i=1 j=1

and explicit calculations show that their correlation functions indeed exhibit factorization
into ‘conformal blocks’.

Such holomorphic factorization certainly cannot be expected in the theory at the finite
values of the coupling constant A, because the action contains the term A~!g%p,p;
mixing holomorphic and anti-holomorphic fields (and a similar mixed fermionic term).
But for A = oo this term disappears and we find that both the Lagrangian and the
Hamiltonian of our theory are equal to sums of holomorphic and anti-holomorphic parts
(see formula (1.1)). Therefore, naively one might expect that the space of states of the
theory is the tensor product of holomorphic and anti-holomorphic sectors. However, what
we find is a direct sum of such tensor products. This is a precursor of the Quillen anomaly
familiar from two-dimensional conformal field theory.

Naively, the supercharge @ is the de Rham differential d naturally acting on the spaces
H", and the hamiltonian is Hpaive = {Q, %} = L,. The cohomology of @ on each H*
is one dimensional, occurring in degree 2i and represented by the delta-form A,. These
are therefore the BPS states of our theory, in agreement with the expectation that the
BPS states are identified with the cohomology of X. Indeed, the ascending manifolds
give us a decomposition of X into even-dimensional cells, which therefore give a basis in
the homology of X. The forms A, give the dual basis in the cohomology.

More precisely, we will see below that, just like in the case of X = CP!, the spaces H™
are not canonically isomorphic to the above direct sums of the spaces H!. Rather, there
are canonical filtrations with the consecutive subquotients isomorphic to HiI'. Because of
that, the hamiltonian is not diagonalizable; it is equal to Hyaive = £, plus off-diagonal
terms mixing the spaces H' with ’HE‘ corresponding to the strata Xz of lower dimension
which are in the closure of X,. However, this mixing occurs only within the subspaces of
differential forms of a fixed degree and fixed eigenvalue with respect to £,. Because these
subspaces are finite dimensional, all Jordan blocks are finite and their length is bounded
by dim¢ X + 1.*

Likewise, we will see that the supercharge @) is equal to d plus correction terms mixing
HI® with ’Hiﬁn corresponding to the strata Xz in the closure of X,. However, we will show
in §4.9 that these correction terms do not change the cohomology of Q.

* We will see in § 5.5 that the maximal length of the Jordan blocks may well be less than dim¢ X + 1.
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The space of ‘out’ states has a similar structure, but with respect to the stratification
of X by the descending manifolds X*. For each stratum X¢ we have the space H3" of
delta-forms supported on X,. In particular, it contains the ground state A% constructed
in §3.6. Moreover, the space H2" is generated from A® under the action of differential
operators defined in the neighbourhood of X,. Similarly to the ‘in’ spaces, it exhibits
holomorphic factorization

H(;ut — fzut ® f2Ut,
where FoU' (respectively, FoU') is the space of holomorphic (respectively, anti-holo-
morphic) delta-forms supported on X¢. Finally, the space of ‘out’ states is isomorphic
to
7{OUt ~ @ ngt _ @ Fgut ® .7:21“.
acA acA

In reality, this direct sum decomposition is not canonical. Instead, there is a canonical
filtration with the spaces H2"' appearing as consecutive quotients, and the hamiltonian
is —£, plus non-diagonal terms, as for H". Nevertheless, there is a canonical pairing
between H™ and H', as expected on general grounds. We will discuss all this in the
next section.

4. The structure of the space of states

In the previous section we have determined, in the first approximation, the spaces H»
and H°U of ‘in’ and ‘out’ states of our quantum mechanical model in the limit A = co.
In this section we will give a more precise description of these spaces. We will show
that states are naturally interpreted as distributions (or currents) on our manifold X.
Because some of these distributions require regularization (reminiscent of the Epstein—
Glaser regularization [13] familiar in quantum field theory), the action of the Hamiltonian
on them becomes non-diagonalizable. We compute this action, as well as the action of the
supercharges, in terms of the so-called Grothendieck—Cousin operators associated to the
stratification of our manifold by the ascending and descending manifolds. We also com-
pute the cohomology of the supercharges using the Grothendieck—Cousin complex [26].

In § 5 we will realize the evaluation observables of our model as linear operators acting
on the spaces of states. We will then be able to obtain the correlation functions as matrix
elements of these operators and to test our predictions by comparing these matrix ele-
ments with the integrals over the moduli of the gradient trajectories which were obtained
in the path integral approach, as explained in §2.4.

4.1. States as distributions

The answer we have given for the space of states H" in formula (3.35) requires some
explanation. Consider for example the case of X = CP'. We have claimed that

H™ ~ Hey @ Hoo, (4.1)

where Hc, is the space of differential forms on the one-dimensional cell Co = CP'\oo
and Ho is the space of delta-forms supported at co. These delta-forms are naturally
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functionals, i.e. distributions (more precisely, currents) on the space of differential forms
on CP'. For example, the ground state 6® (w, @) dw dw is the functional whose value on
a function f on CP! is equal to f (00), and it is equal to zero on all differential forms of
positive degree.

Thus, the subspace Hc, appears to be realized in the space of differential forms, while
the subspace H, is realized in the space of distributions or currents, that is functionals
on the space of differential forms. This is puzzling because the two spaces appear to be
of different nature. The second puzzle is that elements of Hc, are well defined only on
the subset Cy € CP! and, with the exception of the constant functions, have poles at
0o. Therefore, the integrals of the products of such elements with an observable of our
theory, which is a priori an arbitrary smooth differential form on X, is not well defined.
But integrals of this type naturally appear as the one-point correlation functions of our
theory at finite values of .

For example, let @ be the observable of our theory which corresponds to a smooth
2-form w on CP', and consider the one-point function represented by the matrix element
<oog/vac|e(t_tf)H“:)e(ti_t)H|0Wn:ﬁ70a0> = qEnYﬁ / 1 Oogl(g?()) WOWT(L?%,O,O’

CP
where ¢ = e''"" and E,, 5 is the eigenvalue of H on %, 7.0,0. We have argued that in the
limit A — oo the ‘out’ state corresponding to ooWya. becomes equal to 1, while the ‘in’
state corresponding to g%, 70,0 becomes equal to z"z". Therefore, to make sense of the
theory at A = oo we should be able to compute integrals of the form

/ 2"Z"w, (4.2)
cP!

for a general smooth 2-form w on CP*.

Unfortunately, these integrals generally diverge for n,n > 0. But this discussion leads
us to an important idea: it suggests that a proper definition of the state corresponding to
0% 7,0,0 in the limit A — oo assumes that we can evaluate the integrals of the form (4.2).
Therefore, it is only natural to view these states not as functions on CP!, but as distri-
butions! This at least allows us to treat Hc, and Ho, on equal footing. It now becomes
clear that our space of states H™ with its decomposition (4.1) should be considered as
a subspace of the space of distributions (or currents) on the space of smooth differential
forms on CP'.

Viewing states as distributions is most natural from the point of view of the path
integral. Recall formula (3.7) describing states as path integrals. Now, given a differential
form w on X, set

<w|(’)n(tn)--~(’)1(t1)|0>:/ w/\/ O1(t)) - Op(tn)e™>.
X z(t): (—00,0] > X; z(0)=x

Thus, the state O, (t,)---O1(t1)|0) is naturally interpreted as a linear functional on
differential forms, i.e. a distribution.
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The delta-forms supported at oo are legitimate distributions. But what kind of dis-
tribution can we associate to the function z"z" which has a pole at co € CP'? This
question has a well-known answer in the theory of generalized functions, as we now
explain following [23, §3.2] and [20, § B1].

First of all, let us recall that by definition a distribution on CP' is a continuous linear
functional on the space of smooth functions on CP', equipped with the topology induced
by the norm | f|| = sup|f(x)|.* In what follows we will use the term ‘distribution’ in
more general sense, as a continuous linear functional on the space of differential forms
on CP' (a more common term for such an object is ‘current’). We denote the space of
such distributions by D(CP').

Next, we define the space S(Cp) of Schwartz functions on Co = CP*\oco C CP': its
elements are smooth functions f on Cy such that 2"z"97*07" f is bounded on Cy (and
hence well defined at oo) for all n, 7, m,m € Zso. Such a function therefore extends to a
smooth function on CP'; moreover, it necessarily decays as z, Z — oo. Define a topology
on the space S(Cp) induced by the family of semi-norms

fi |2z omom .

A tempered distribution on Cgy is by definition a continuous linear functional on S(Co).
We define in the same way the space S£2(Cy) of Schwartz differential forms on Cy. We
will call continuous linear functionals on S£2(Cy) ‘tempered distributions on differential
forms on Cq’.
Now observe that for all n,7 € Zso the monomial 2"z" defines a continuous linear
functional ¢, 5, hence a tempered distribution on differential forms on Cy by the formula

pna@) = [ 50, we ST, (43)
Co

The integral converges because of the condition imposed on elements of S£2(Cy) (note
that it is non-zero only if w is a 2-form).

Thus, we are now in the following situation: we have the subspace S£2(Cy) C 2(CP')
and a continuous linear functional ¢, 7 on S2(Cgy) defined by formula (4.3). Can we
extend this functional to the larger space £2(CP')?

It turns out that we can, but there are many possible extensions and there is no
canonical choice among them, unless n = 0 or 7 = 0. The good news, however, is that any
two possible extensions differ by a distribution supported at co. Therefore, even though
the span of all functionals ¢, 5,n,7 € Zxg, is not canonically defined as a subspace of
D(CP'), the span of these functionals together with the functionals 97076 (w, w) is
well defined.

We have an analogous statement for the i-form versions of these spaces, where i = 1, 2.
Thus, we obtain that the sum Hc, + Hoo is a well-defined subspace of the space of all
distributions on CP'.

* For a general manifold X, distributions are continuous linear functionals on the space of smooth

functions on X with compact support, but on a compact manifold X the ‘compact support’ condition
is vacuous.

https://doi.org/10.1017/51474748011000077 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748011000077

Instantons beyond topological theory. I 517

We now define the space H™ of ‘in’ states of the CP' model in the A = oo limit as this
subspace of D(CP'). This way we resolve the first puzzle pointed out at the beginning of
this section (the fact that Hc, and Hoo seem to be objects of different nature). But we
have not yet explained how to extend the linear functionals ¢, 5 to D(CP') and make
sense of the integrals (4.2) for arbitrary smooth differential forms w € 2(CP"). We will
explain that in the next section.

4.2. Regularization of the integrals in the case of CP*

A particular extension of the tempered distribution ¢, 5 to a distribution on CP! is
constructed by introducing a ‘cutoff’: for w € Q((CIP’l), consider the integral

/ 2"Z"w, (4.4)
|z|<e1

which is well defined for any positive real e. One can show that as a function in € it may
be uniquely represented in the form

Co+ Y Cie™" + Clogloge + o(1), (4.5)

i>0

where the C; and Ciog are some numbers (see [23, pp. 70-71]). Therefore, one defines,
following Hadamard, the partie finie of the above integral as the constant coefficient Cf
obtained after discarding the terms with negative powers of € and loge in the integral
(4.4) and taking the limit e — 0. We denote it by

n=n _
X Z2"zZ"w = Cy.
|z|<e—1

A similar regularization has also been used in quantum field theory, in particular, in the
works of Epstein and Glaser [13].
It is clear that if w € S2(Cyp), then

X 2"Z"w = / 2"Z" w,
|z|<e™1 CP!

so we indeed obtain an extension of ¢, 5 to a distribution on CP'. We will denote it by
¢@n.7- Note that the distribution we obtain takes non-zero values only on 2-forms on CP'.

The problem with this definition is that it is not canonical. Indeed, we do not have a
canonical coordinate on CP', because we are only given points 0 and o, so our coordinate
z is only defined up to multiplication by a non-zero scalar. If we rescale our coordinate
z — az, then the functional ¢, 5 will change as we will now integrate over the region
|z] < ae~!, and the integral will be different due to the presence of the logarithmic
term in (4.5). However, the resulting change will amount to a distribution supported at
o0 € CP!, so that the span of these distributions and the distributions supported at co
is a canonically defined subspace of D(CP').
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Let us compute the values of the distributions ¢, 5 in some examples. Let

= Z m dz dZ Ra S C\Rgo,

where the numbers w,, satisfy the condition
> wa =0,
«

which ensures that w is well defined at co. We recall our convention (3.16).
Writing z = /zel?, we find that

Pn.a(w) = X 2" ZW
|z|<e—1t
Z /27r T {/6_2 Wort)/2 1
= — AT
0 0 z+ R, €0

= 2r(—1)"*14, —ZwaR” log Re. (4.6)

Here we use the subscript €” to denote the constant term in the e-expansion (this is the
Cy of formula (4.5)).

The distributions ¢, 7 , 5 corresponding to the basis elements z"z"(dz)P(dz)? of Hc,
are defined in the same way. These distributions take non-zero values on differential forms
of degree (1 — p,1 — p). Again, they are not canonically defined, but their span together
with the span of (p, p)-forms in H., will be well defined. This span is the (p, p)-form part
of our space of ‘in’ states H™.

4.3. Action of the hamiltonian

Having defined the space H™ as a particular subspace of the space of distributions
on CP!, we can now find explicitly the action of the Hamiltonian H = £,, where v =
20, + 20z. Actually, we will compute separately the action of L¢ and Lg, where § = 20,,
& = Z0z. We will see that due to the non-canonical nature of the decomposition (4.1)
these operators act non-diagonally, with Jordan blocks.

Consider first the action of L¢ and L¢ on the subspace Hoo C H" (which is a canonical
subspace of ™). This subspace has the following basis:

o (=)t B .
10705, o = 008w, 0) () (d)
By definition,
|n,ﬁ,p,ﬁ)oo(ww@(dw)r(dw)r_) = (—1)P 1p6T1 —p 7’ 1- pawa W | w=0- (4.7)
We find that

Le - |n,n,p,p)oc = (n+1—p)[n, 0, p, P)oc
Eg ' |n7ﬁap7p>oo = (ﬁ+ 1 _ﬁ)|n7ﬁ7p’p>oo
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Next, we consider the subspace Hc,. It has the following basis:

|na ﬁ7p7 ﬁ)Co = @n,ﬁ,p,ﬁ?

where @y, 5 p,p is the distribution defined at the end of the previous section:
Prnaa() = | AP A
|z|<e—1

These elements, and their span, are not canonically defined, but depend on a particular
‘partie finie’ regularization of the above integral defined above.

Let us compute L¢ - |n,7,0,0)c,. By definition, this is the distribution, whose value
on a 2-form w on CP! is equal to

Onp(—Lew) = —X 22" Lew.
|z|<e—1

Writing L¢ as {d,2} and using the Stokes formula, we find that in addition to the
differentiation of z™, which results in multiplication by n, there is also a boundary term,
which is the e’-coefficient in the expansion of the integral

w " w Mew

Jw|=¢e

in power series in e*! and log e (the change of sign here is due to the change of orientation
of the circle |z| = ¢! under the change of variables z — w = z71).

Writing &€ = —w0y, W = Wep dw dl = iweeg dw A dw and w = eel?, we find that this
boundary term is equal to

27
|:/ wl—nwl—nwww do
0 €0

_ — o e if n,n >0,
0 o iftn=0o0rn=0.
Thus, we obtain the following formula
Le-|n,7,0,0)c, =n|n,n,0,0)c, —2nn — 1,72 — 1,0, 0) 0.

Likewise, we obtain

‘CE : |naﬁ7p7ﬁ>(:o = (Tl +p)|naﬁ7paﬁ>((:o - 27T|Tl + 2p - 17ﬁ + 213 - 1apap>ooa (48)
Eg : |naﬁ7pvl_)>(:() = (ﬁ +ﬁ)|naﬁ7p7ﬁ>(:0 - 27T|TL + 2p - 17ﬁ + 21_) - 17paﬁ>00 (49)

Here we use the convention

[n, 7, p, D)oo =0 ifn<0orn<0.

https://doi.org/10.1017/51474748011000077 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748011000077

520 E. Frenkel, A. Losev and N. Nekrasov

Thus, we find that the operators L¢ and L¢, and hence the Hamiltonian £,, have Jordan
blocks of length two. The generalized eigenspace of the operators L¢ and Lg corresponding
to the eigenvalues n +p > 0 and 7 + p > 0 on the space of (p,p)-forms in H™" is two
dimensional, spanned by the vectors |n,fi,p, p)c, and |n+2p— 1,74+ 2p —1,p, Poo. The
former is an eigenvector, and the second is a generalized eigenvector which is adjoint
to it.

In particular, the indeterminacy of the vector |n,7,p,p)c, with n+2p —1 > 0 and
.+ 2p —1 > 0 is contained in the two-dimensional subspace of H™ spanned by it and
[n+2p—1,7+2p—1,p,D)co-

This could actually be seen from the outset. As we have explained, the indeterminacy
comes from the fact that in the definition of the distribution (57”3 as the ‘partie finie’ of
the integral (4.4) we use the ‘cutoff’ |z| < ¢!, and so if we replace ¢ by é = a™ ‘¢, then
the ‘partie finie’ of the integral will get shifted by the term —Ciogloga, where Clog is
defined in formula (4.5). But the term Cl, is easy to evaluate explicitly. Indeed, we may
split the integral (4.4) into the sum of two: over |z| < 1 and 1 < |z| < e~ . The former
converges and hence cannot contribute to Clog. On the other hand, writing w in the form
wwa dw dw, as before, we rewrite the latter as

/ W0 M Wepe dw dw.
e<|w|<1
The log e contribution to this integral is equal to

4rloge ' 83718,27 Lws

v
(n—1)(a— 1)

Thus, by changing the ‘cutoff’ in the definition of én,ﬁ, we replace énﬁ by its linear

w=0

combination with )
ma;}, 1or =162 (w, w) dww,
for n,n > 0.

Note, however, that the extra term is equal to 0 if n = 0 or 7 = 0, that is for purely
holomorphic or anti-holomorphic functions on Cy. This shows that the distributions
Pn.0 and Pg 5 corresponding to the states |n,0,0,0)¢, and |0,7,0,0)¢,, respectively, are
actually well defined. In fact, it is easy to see that they have canonical regularizations
which are eigenvectors of L¢ and Lg. The vectors [n,0,0,1)¢, and [0,7,1,0)¢, are also
eigenvectors.

One can analyse the indeterminacy of (p,p)-forms in a similar fashion, reproducing
the above result that it is confined to the two-dimensional subspaces of H™ spanned by
In, 7, p, P)c, and |n +2p — 1,7 + 2p — 1, p, p) oo We will denote this subspace by i, .

4.4. Action of the supercharges

Next, we analyse the action of the supercharges. Recall that we have two of them:
@ = d, the de Rham differential, and Q* = 2i,, the contraction with the vector field
2v = 2(z0, + Z0z). As in the case of the Hamiltonian, we split each of them into the sum
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of holomorphic and anti-holomorphic terms: Q = 9+ 9 and 7, = 1¢ +1z. These operators
naturally act on the space of distributions on CP'. For instance, we have

<0<,0, w> = _<§0a 8w>»

and so on. As we will see, these operators preserve the subspace H™. We wish to compute
the corresponding action of these operators on H".

The operators v and 1z are the easiest to compute. Their action is given by the standard
formulae on both H2 (considered as the space of delta-forms supported at oo € (CIP’I)
and 7—[}5’0 (considered as the space of polynomial differential forms on Cy).

The action of 9 and 0 on HL is also the obvious one. However, due to boundary terms
similar to the ones arising in the above calculation of the Hamiltonian, the action of d
and 0 on the subspace 'H(ié‘o has correction terms which belong to H2.

To see how this works, let us compute explicitly 0 - |n,7,0,0)c,. It follows from the
definition that this is the distribution, whose value on a 1-form w = wg dw on CP! is
equal to

Prn(—0w) = — )( R
|z|<e—1

Using the Stokes formula, we find that this integral has two terms: one corresponds to
the obvious action of @ on 2"z", sending it to nz" 12" dz, and the other is the boundary
term

_ o _
[/ w0 W dw} = —#838%_1%@
Jw|=€ €0 n'(n - 1)' w=0

Therefore, we obtain that
d|n,n,0,0)c, = nln —1,7,1,0)c, + 27|n, 7 — 1,1,0)0

(see formula (4.7)).
Similarly, we find that

d|n,n,0,0)¢c, = nln,7 —1,0,1)¢, + 27|n — 1,7,0, 1),

and obtain analogous formulae for differential forms of higher degrees. These formulae
may be summarized as follows.

Let us use holomorphic factorization and realize the spaces H(iélo and H, as the tensor
products

HE = C[z] ® Ald2] ® C[z] ® A[dz],
HD = (Clw, w™1]/Clw]) ® Aldw] ® (C[w, w*]/C[@]) ® Aldw)].

In this realization our basis elements of H2 correspond to

_1\n+n _ B _ B
U™ 509163 (duw)? (dd)? = w= (dw)? @ &~ (das)P.

1, 7, P, D)oo = —
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This realization is convenient, because we can use the natural linear maps

§: Clz] ® A[dz] — (Clw,w™!]/Clw]) @ A[dw],
§: C[z] ® A[dz] — (C[w,w']/Clw]) ® A[dw],

obtained using the composition
Clz] — Clz,27'] = Clw,w™ ] = Clw,w™']/Clw]

(we recall that w = z71). As we will see in §4.8, these are the simplest examples of the
Grothendieck—Cousin operators.
Then the formulae for 0 and 0 are expressed in terms of these operators as follows:

AW @) = Dpaive(T QW) + 27r6<czu A y‘/) ®6(P),

_ _ _ _ _fdw -
W @ T) = Bnaive(¥ @ F) + 270(¥) @ & (f" A w)
W
(here we use the convention that é(dw/w) = §(dw/w) = 0).
Using this formula and the Cartan formula £, = {d,,}, we obtain the following
formula for the chiral and anti-chiral components of the Hamiltonian:

Eg = E&naive — 20 ® g,
LE = Lg,naivc —2m6 ® 57

so that the Hamiltonian is given by the formula
H = %{Q; Q*} = Hpaive — 4m0 ® 8.

This agrees with formulae (4.8) and (4.9).

4.5. The space of states as a A — oo limit

The two-dimensional subspaces H» are thus the building blocks of the space of

n,mn,p,
‘in’ states of our model at the point )\pi oo. Using these spaces, we can now clarify
the result of the semi-classical analysis of the low-lying eigenvectors of the Hamiltonian
Hy = L, — (1/(2)\))A. This Hamiltonian commutes with the operator P = L., 2. and
we will consider their joint eigenstates. For simplicity, we will restrict ourselves to the
0-forms.

According to the semi-classical analysis, for each n,n > 0, there is a two-dimensional
space of eigenstates of Hy and P in the space of functions on CP' with the eigenvalues
n+n+O(X~1) and n — n, respectively. These eigenstates are obtained by multiplying by
e M the eigenstates of the conjugated hermitian operator Hy, given by formula (3.23),
with the same eigenvalues. Let "Hﬁﬁ be the corresponding two-dimensional space of
functions on CP'. Now observe that each smooth function ¥ on CP* defines a distribution

by the formula
U(w) :/ Pw, we N*(CPH.
cpt
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Therefore, ’Hf‘m defines a two-dimensional subspace of the space D((C]P’l) of distributions
on differential forms on CP', depending on .

We conjecture that the limit of the subspace 'H,};ﬁ C D(CP') as A — oo is the subspace
H' s 0.0 introduced above.

We have a similar conjecture for the (p, p)-form subspaces Hi,{’,ﬁmﬁ.

Thus, we conjecture that our subspace H™ C D((C]P’l) naturally appears as the A — oo
limit of the span of the low-lying eigenstates of the hamiltonian Hy, viewed as distribu-
tions. Note that the eigenstates of Hy are obtained by multiplying the eigenstates of the
hermitian operator Hy by the function e*f (which are differential forms on CP' viewed
as distributions).

It is natural to ask whether we can develop a perturbation theory for the eigenstates
at finite A around the eigenstates |n, i, p, D)c, and [n+2p — 1,7+ 2p — 1,p, P)oo Of the
theory at A = co. This will be discussed in §6.1.

4.6. Definition of the ‘out’ space and the pairing

We now briefly describe the space of ‘out’ states in the same way. We have previously
said that it is isomorphic to the direct sum

Hout ~ H%ut D ngt'
oo

Now we realize H°" as a subspace of the space D((CIP’I) of distributions on CP*, following
§64.1 and 4.2. The subspace H{" is by definition the space of distributions on the
differential forms on CP' supported at the point 0 € CP'. It is spanned by the eigenstates

(-
nln!

o(n, ,p, p| = 02028® (2,2)(d=)"(dz)P.

out

The subspace Hg"" is not canonical, but we choose as its basis vectors

Coo<n7ﬁap7p|

the distributions defined by the formula

€. 7,5, Ble) = )( WD (dw)(dD)P A w.
lw|<e~!

The above integral needs to be regularized because the differential form has a pole at
w = oo (or z = 0). We use the ‘partie finie’ regularization introduced in §4.2. If we change
the regularization, then the corresponding distribution will get shifted by a distribution
supported at 0.

Therefore, the sum of the spaces 7—[{{;‘2 and HS" is a well-defined subspace of the space
D(CP') of distributions on CP', and this is by definition the space H"™ of ‘out’ states
of our model.

The Hamiltonian is —£, = —L¢ — Lg. The states o(n, 7, p, p| are eigenvectors:
0<’I’L,’I_l,p7]_)‘ : _LE = (TL+ 1 _p)0<naﬁ7p7ﬁ‘7
0<’I’L,ﬁ,p,]§‘ : _LE = (ﬁ+ 1 _ﬁ)0<naﬁ7p7ﬁ"
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The states ¢_(n, i, p, P| are generalized eigenvectors (unlessn =0,p=0or 7 =0, p = 0)
which satisfy

Coo<n7ﬁap7ﬁ| : 7‘65 = (TL +p)(coo<naﬁ7p7ﬁ‘ + 27r0<n + 2p - 17ﬁ + 215 - 1ap7ﬁ|a
Coo<n7ﬁ’ap7ﬁ| : —Eé = (T_L +Z3)Coo<naﬁ7p7ﬁ‘ + 27T0<n + 2p - 17ﬁ + 2]3 - lapvﬁ|

In particular, we see that, just as in the case of ‘in’ states, the ‘mixing’ between ’H%‘i
and Hg" is confined to the two-dimensional generalized eigenspaces of L¢ and Le.

As in the case of ‘in’ states, we conjecture that the subspace H°"' C D((C]P’l) naturally
appears as the A — oo limit of the span of the low-lying eigenstates of the hermitian
operator Hy by the function e=*f (which are differential forms on CP', viewed as distri-
butions).

On general grounds (see §3.2) we expect that there is a canonical pairing

M X HOW 5 C.

Explicitly, it is defined as follows: let ¥ € H'™ and @ € H°". Then

(@, W) = / AW
CP!

Some comments are necessary here, because a priori ¥ and @ are distributions and so it
is not clear what the above integral means. However, ¥ and @ are distributions of a very
special kind, and for those this integral is well defined. Intuitively, this is because ¥ may
be viewed a distribution in a small neighbourhood of co and a function elsewhere, while
@ is a distribution in a small neighbourhood of 0 and a function elsewhere.

More precisely, we write ® = &+ Poo, ¥ = Yy +V¥so, where Pg = ¢|,1<1P, Poo = €|2[31P
and c|,|<1, €z|>1 are the characteristic functions of the discs |z| < 1 and [z] > 1. We
then split the above integral into the sum

/ @OAWO—I—/ Do NV
lzI<1 [z[21

In the first summand @, is a smooth function, whereas ¥, is a distribution. Therefore,
their pairing is well defined. The second summand is well defined for the same reason,
with the roles of @ and ¥ reversed.

This pairing is especially easy to describe when either ¥ € HI or @ € H". First of
all, if both inclusions are satisfied, then they are distributions supported at two different
points on CP': oo and 0, respectively. Therefore, the pairing between them is equal to 0.

If & € HG", then

@J@z/éAmwozﬂm@»

the evaluation of the distribution @ on the projection pr(¥) of ¥ onto HE ~ £2(Cy),
which is a differential form well defined in the neighbourhood of 0 € CP*.
Likewise, if ¥ € HSU®, then

<@m:/m@mw:wm@»
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the evaluation of the distribution ¥ on the projection pr(®) of ¢ onto H{ ~ 2(Cs),
which is a differential form well defined in the neighbourhood of co € CP*.
We find from this description that

0<ma ma T, ’F|1’L, 7_7/,]77]3>(C0 = Coo<m7 mv T, F‘TL, ﬁvpap>oo
= (—1)P1P(—=1)P Gy OOt —rOp1 - (4.10)

Finally, we compute the pairing between the states |n, 7, p,p)c, and c_(m,m,r,7|.
According to the above definition, it is equal to the ‘partie finie’ of the integral

€1<|z|<€y

which is obtained by discarding all terms that contain (e;)~!,loges, (e2) 7!, loges and
setting €1, €2 = 0 in the remainder. It is easy to see that the result is always zero.

Note, however, that if we chose different regularization schemes for defining these states
(which would shift them by the ‘delta-like’ states), then the pairing between them would
change.

Thus, we find that the bases

{|n,ﬁ,p,ﬁ>c0,\n,ﬁ,p,ﬁ>oo} and {o<n,ﬁ,p,ﬁ|,cw<n,ﬁ,p,ﬁ|}

are dual to each other in H™ and H°"*, up to a power of i (see formula (4.10)).

4.7. The general case

We now briefly discuss how to generalize the above results to the case of a general
Kéhler manifold X and a holomorphic vector field ¢ satisfying the conditions of §3.6.
Recall that we have two stratifications of X, defined in formula (3.28). In the first approx-
imation we defined the space of ‘in’ states as the direct sum given by formula (3.35). Each
summand H!" consists of delta-forms supported on the stratum X, . However, this decom-
position is not canonical. We now apply the same reasonings as in the case of X = CP*
to define the space H™ of ‘in’ states as a canonical subspace of the space of distributions
on differential forms on X.

This space has a canonical filtration ”Hig“i, 1 =0,...,dim¢ X, such that each consecutive
quotient Higni/Hign(i—n is isomorphic to the direct sum

b (4.11)

dimc X o=t

We construct H2; by induction on i. The space H2, is by definition the space H}!  for
the critical point z,,,,, such that the corresponding stratum X, consists of a single
point, z,,,,,, which happens when it is the absolute maximum of the Morse function.
Thus, igno is the space of distributions on X supported at this point.*

Omax

* Here, as above, we use the term ‘distribution’ to mean functionals on the space of all smooth
differential forms, and not just smooth functions
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Now suppose that we have already constructed the subspace i<n(z._1). Let X, be
a stratum of complex dimension i. We construct a new space ’Hign(i_l) ., Which is an
extension

0= HE 1) = HE1ya = He =0 (4.12)

as follows.

Let B, C X,\X, be the union of the strata Xz of complex dimension (i — 1) that
belong to the closure X, of X,. We denote the set of 3s appearing in its decomposi-
tion by A,. We define S,2(X) as the space of smooth differential forms on X which
decay very fast along B,. More precisely, we define it as the intersection of the spaces
Sapf2(X), B € Ay, which are constructed as follows.

Consider the union X, | | X3, where 8 € A,. It is isomorphic to a fibration over CP!,
with fibres being vector spaces isomorphic to Xz. The stratum Xg is embedded as the
fibre at oo € CP! and the stratum X, as its complement, the preimage of Cq = CP* \oo.
There is a section CP! — X, || X s such that the image of co € CP* is the critical point
xg, the image of 0 € CP! is the critical point ., and the image of C* c CP' is the
intersection of X, with the descending manifold X# corresponding to x3. Moreover, the
C*-action on X restricted to X, | | X lifts the standard C*-action on CP*.

The function w on CP' which has a zero of order one at oo and a pole of order one
at 0 pulls back to a function on X, | | Xg which we denote by w,g. Note that Xz is the
zero set of wyg and that £ - weg = aagwag, Where anp is a negative real number.

Now the condition on w € £2(X) to belong to S,z2(X) is that after we apply to w any
sequence of Lie derivatives with respect to vector fields defined in a neighbourhood of
Xo || X3, the restriction of the resulting form to X, | | X will tend to zero as waz — 0
faster than any polynomial in wqg.

Now we define S,f2(X) as the intersection of the spaces Sppf2(X), 5 € A,.

Any vector ¥ in the space H® of delta-forms on X, gives rise to a linear functional
on S,£2(X) whose value on w € S§,2(X) is given by the integral

(@, w) :/XW/\w.

The integral converges because of the conditions we imposed on w.

Now we wish to extend this functional to a distribution on all smooth differential forms
on X. Such an extension is constructed by introducing a ‘cutoff’; following the example
of CP' discussed in §4.2. Namely, to define its value on w € £2(X) we take the integral
of ¥ Aw over X minus the union of subsets in X, defined by the inequalities |wag| < €,
for all § € A,. Then we take the ‘partie finie’ of the corresponding integral, i.e. discard
all terms involving negative powers of € and loge and set e = 0 in the remainder.

The resulting functional is regularization dependent because it depends on the choice
of the functions w.g. But the difference of two possible regularizations is a distribution
which belongs to the previously constructed space 7—[2(1-71). Therefore, we obtain an
extension HZ(; ) , as in (4.12).

Finally, we define 7, as the sum of the extensions (4.12) over all @ € A such that
dim¢c X, = ¢. This completes the inductive construction of the space of ‘in’ states as
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a well-defined canonical subspace of the space D(X) of all distributions (on differential
forms) on X.

Recall the hamiltonian Hy = £, — (1/(2\))A which is the regularized version of our
Hamiltonian £,. Its ‘low-lying’ eigenfunctions are by definition the eigenfunctions whose
eigenvalues are equal to C + O(A™1), where C is a constant. We recall that each of these
eigenfunctions is equal to e times an eigenfunction of the hermitian Hamiltonian Hy
given by formula (2.4).

We conjecture that the space H™ appears as the limit of the span of the low-lying
eigenfunctions of the Hamiltonian H) (considered as distributions).

The space H°" of ‘out’ states is defined in the same way, by using the opposite strat-
ification by the submanifolds X<, a € A.
Finally, we define a pairing

H™ x HOM = C,

@waééAm

To see that this integral makes sense, we argue in the same way as in the case of CP*
(see §4.6).

4.8. Action of the supercharges and the Hamiltonian

The supercharges of our theory: @ = d, the de Rham differential, and Q* = 21, and
the Hamiltonian, H = £, = L¢ + L¢, act naturally on the space H", and their adjoints
act on H°“. However, this action is rather complicated because elements of the space
H™ are constructed by a non-trivial regularization procedure. This procedure distorts
the action of these operators and as the result they acquire correction terms. We have
analysed this in the case of X = CP! in §4.3 and we have seen that as the result of these
correction terms the Hamiltonian is non-diagonalizable. The same happens for general X
and ¢ satisfying the assumptions of §3.6. From now on we will assume in addition that
X is a projective algebraic variety.

We will now describe a model for the space of ‘in’ states in which the action of the
supersymmetry charges and the Hamiltonian are given by very transparent formulae. This
generalizes the formulae in the case of X = CP' presented in §4.4. The key ingredients
are the GC boundary operators which act between the spaces of delta-forms supported
on the strata X, and X3 of our decomposition, with Xz being a codimension one stratum
in the closure of X,. We will write X, = Xg if this is the case. The construction of these
operators is explained in detail in [26, §7].

The GC operators act between the spaces of local cohomology of a sheaf F on X with
support on locally closed submanifolds of X. Let us recall the definition of the functor of
local cohomology. Let Z be a closed submanifold of X. We will say that a section s of a
sheaf F on X is supported on Z if its restriction to X\ Z is equal to 0. Let I'z(X, F) be
the space of sections of F supported on Z. Thus, we obtain a functor F — I'z(X,F). It
is left exact, but not right exact. We will denote its higher derived functors by H% (F).
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More generally, let Y be a locally closed subset of X such that Y = Z'\Z, where Z C Z'
are two closed subsets of X. Then we denote by H% (F) the higher derived functors of
IY(X\Z, Flx\z)-

Using standard technique of homological algebra, we then obtain boundary maps

Hy (F) = HPY(F)

for any sheaf F on X and a pair of closed subsets Z C Z' of X and Y = Z'\ Z (see [26, § 7]
for the precise definition). These are the GC operators that we will need.

Consider the special case when Y is an open subset of X and Z is a divisor. In this case
the GC operator may be described in very concrete terms. For simplicity suppose that Z
is a smooth divisor in a smooth (possibly non-compact) algebraic variety X such that Z
and Y = X\ Z are affine algebraic varieties. Suppose that our sheaf F is a holomorphic
vector bundle £ on X. Since Y is open and dense in X, we have Hi,(£) = H (Y, E|y).
From now on we will simply write € for £]y. Since Y is assumed to be affine, H (Y, &) = 0
for i > 0 and H°(Y, &) is the space of (regular) holomorphic sections of € on Y. On the
other hand, consider H}(€), the first local cohomology of £ with support on Z. To define
it, choose another smooth divisor Z; in X such that ZNZ; = () and X\ Z; is affine. Then
we have the following exact sequence

0— H(X\Z,E) = HY(X\(ZU Z,),&) — HL (&) — 0,
which allows us to define HL(€) as the quotient
Hy(€) = HY(X\(Z U Z1),€)/H"(X\Zy, €).

This definition is independent of the choice of Z; satisfying the above conditions.
Now we define the GC operator corresponding to the pair (Y, Z),

HO(Y,€) — Hy(€),
as the composition
H(Y,E) = HY(X\(ZU Z,),E) — HL(E). (4.13)

Informally, it corresponds to taking the polar part along Z of meromorphic sections of £
defined on a small neighbourhood of Z, which are allowed to have poles only along Z.

For example, if X = CP', Z = o0, Z; = 0, so that Y = Cy = CP"\oo, and £ = O is
the trivial line bundle, then

H(Y,€) =Clw™],  H(O) = Clw,w™']/Clu], (4.14)

where w is a function on CP' which vanishes at co to order one and has a pole of order
one at 0.* The corresponding GC operator (4.13) is just the natural map

Clw™] = Clw,w™']/C[w], (4.15)

* Note that we have already encountered this space in our discussion of ‘holomorphic delta-functions’
in §3.7.
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obtained by composing the maps
Clw™] = Clw,w™'] and Clw,w™ '] = Clw,w ']/Clw].

Now let us return to our situation. So we have a projective algebraic variety X of
complex dimension n with a stratification by smooth locally closed strata X,,a € A,
isomorphic to C™. Let £ be a holomorphic vector bundle. Then for each stratum X, of
complex dimension i one defines the local cohomology groups H;Z’(f ) of €& with support
on X,. One can show that

HY ((€) =0, i# na,

so the local cohomology is non-trivial only in dimension n —n,, which is the codimension
of X,.
How to relate this discussion to our space of ‘in’ states? Recall from § 3.8 that we have
holomorphic factorization
i = i P,

where Fi' and .7?&“ are the spaces of holomorphic and anti-holomorphic delta-forms sup-
ported on X,, respectively. The point is that Fi' is precisely the local cohomology
H " (&), for & = £2x pol, the sheaf of holomorphic differential forms on X (and simi-
larly for Fin):

Fat = HY " (2x hot)- (4.16)

Now for each pair of strata such that X, > X3 (which means that Xz is a codimension
one stratum in the closure of X,) there is a canonical GC operator

dap: Hy " (€) — H;;"” &).
Therefore, we obtain canonical maps
Sap: Fu' — Fj'
for all a, 8 € A such that X, >~ Xgz.
Likewise, we have anti-holomorphic analogues of these maps:
Sap: FN — fbn

for X, > Xﬁ.
Now we use these maps to write formulae for ), Q* and H. Actually, all of these
operators decompose into sums of holomorphic and anti-holomorphic parts:

Q=d=0+29, Q" = 21, = 2(1¢ +1¢),
H=L,,= ﬁg + ﬁ@
and we will write separate formulae for these parts.

Let us choose, as in §4.7, a function waz on X, | | X such that Xz is the divisor of
zeros of wqg. Once we choose these coordinates, we obtain particular regularizations of
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our integrals, as explained in the previous section, and hence we may identify H™ with
the direct sum P, 4 HI. This gives us a concrete realization of the space of ‘in’ states,
which is more convenient for computations than its more abstract definition as a subspace
of the space of distributions on X. We now describe the action of the supersymmetry
charges and the Hamiltonian on the space of states in this realization.
Let
V= (U ® V) € P F @ Fi ~H™
acA

In the same way as in the case of CP! (see §4.4) we obtain the following formulae for
the action of these operators:

dwg .
OV = Opaive? + 21 Y 5aﬁ< Wap » u'/a) @ bap (W), (4.17)
BiXarXg Wap
_ _ _ dw,, _
OV = Opaive? + 21 Y ap(Va) ® m( Wap %), (4.18)
Wap
ﬂ;XQ>Xﬁ
Le={0,1} = Lenaive + 2T D apdap @ dap, (4.19)
B Xa>=Xp
ﬁg = {5, 7,5} = ‘Cé,naive + 27 Z aag(sa@ (24 Saﬁ, (4.20)
B:Xa>Xgp

where the numbers a,g are defined by the formula § - wog = aagwag, so that

-dwaﬂ—ag
- (0%

1
3 Wap
(see §5.5 below, where we discuss explicitly the example of X = (C]P’Z). Therefore, we
find that
H = {d,lv} = Hnaive + 47 Z aaﬂéaﬁ X Saﬁ
XCY}Xg

The operators 2 and 1z have no correction terms.

The fact that 9% = 0 is the consequence of a non-trivial property of the GC operators:
suppose we have four strata X, Xg, Xgr, X5, such that X, >~ Xg > X, and X, >
Xgr = X,. Then we have

55/7 [¢] 5045/ — 65//7 o 6065” (421)

(see [26]). The fact that 9% = 0 is proved in the same way.

While the identification of H™ with the direct sum @, 4, H' depends on the choice
of the coordinates wqg, we see that the formulae for the operators 0 and 0 depend on
their logarithmic derivatives, and the formulae for the Hamiltonian and its holomorphic
and anti-holomorphic parts only depend on the eigenvalues of £ on these coordinates.

Thus, we find that, as in the CP' model, the hamiltonian is non-diagonalizable. It has
off-diagonal terms which are given by the GC operators.
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Remark. We want to stress that the appearance of Jordan blocks in the Hamiltonian is
tied up with the assumptions we have made in § 3.6 about the manifold X being K&hler
and the gradient vector field of the Morse function f coming from a C*-action. If we
allow more general Morse functions, then the spectrum of the Hamiltonian in our model
may (and generically will) be non-degenerate, and hence the Hamiltonian will be diago-
nalizable. This is related to the well-known property of the ‘partie finie’ regularization:

the functions =%

, where « is not a positive integer, have canonical extensions to homo-
geneous distributions on the line, unlike the functions with a € Z~q which we discussed

above (see [20,23]).

4.9. Cohomology of the supercharges

A natural application of the above formula for the supercharge @ is to use it to compute
its cohomology on the space H™ of states of our theory and check that it coincides with
H*(X,C).

We compute this cohomology by using a spectral sequence. Consider the filtration ignl-
introduced in §4.7. According to formulae (4.17) and (4.18), the supercharge @ preserves
this filtration. Therefore, we may compute the cohomology of @) by using the spectral
sequence associated to this filtration. The Oth term of this spectral sequence is

Pre/He, ) = P HE. (4.22)

i>0 acA

Let us compute the Oth differential. We find that the second terms in formulae (4.17)
and (4.18) map H2; to HZ;_,). Therefore, the corresponding differential on B¢ 4 He'
is just the de Rham differential.

It is easy to see from the description of HI* given in § 3.8 that the cohomology of the
de Rham differential acting on H* is one dimensional, occurring in cohomological degree
(n — ng,n — ny) and spanned by the delta-form A,. Therefore, the first term of our
spectral sequence is spanned by the delta-forms A,, a € A. We have

a€cA

Mo = Fo' ® Fol

where Fi' and Fi are the spaces of holomorphic and anti-holomorphic delta-forms on
X, respectively (see §3.8). Using local cohomology, we may express them as follows:

}'Ciyn = H;L(:na (£2x hot ) ﬁén = H;L(:na (2 anti-hot)-
With respect to this tensor product decomposition, we have
hol anti-hol
Aa — Aao ®Aznt1 o7

where Ab°l and Aanti-hol are generating vectors of Fi* and F', respectively, considered
as D-modules.
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According to formulae (4.17), (4.18), the differential d; of the first term of our spectral
sequence is given by a linear combination of the GC operators:

dl(Aa) =27 Z (6aﬁ (dwaﬁ A Agd) ® Saﬂ(Aanti—hol)

w
B:Xa=Xp op

+ 5aﬂ(A201) ® 504[-} (d"fUOéﬁ A Aanti—hol) ) )

Wap
It follows from the definition that ARl and Aanti-hol extend to all strata Xz of codi-
mension 1 in the closure of X,. Therefore, d,5(A°Y) = 0 and §,5(A20l) = 0, and so
di1(A,) = 0. Hence we conclude that d;, as well as all higher differentials of our spectral
sequence, are all equal to zero. Therefore, the cohomology is spanned by the delta-forms
A,. These form the dual basis to the homology basis represented by the even-dimensional
cycles X,.

Therefore, we conclude that the cohomology of @ acting on HI' coincides with the
cohomology of the de Rham differential and is isomorphic to the cohomology of X,
H*(X,C), as expected.

Let us recall that our supercharge @ = d has a canonical decomposition @ = 9 + 0.
Therefore, it is also interesting to compute the cohomology of the differentials @ and 0
separately. The operators @ and 0 are quantum mechanical analogues of the left and
right moving supercharges in two-dimensional sigma models. According to [24, 44] (see
also [18,37]), the cohomology of the right moving supercharge is a chiral algebra which
is closely related to the chiral de Rham complex [31] of X. The cohomology of 9 may be
thought of as a ‘baby version’ of this chiral algebra. The explicit formulae of the previous
section give us an effective tool for computing this cohomology.

This tool is the Grothendieck—Cousin resolution (GC resolution for short). This is a
complex C*(&) = P>, Ci(€), defined for a holomorphic vector bundle £ on X, whose
cohomology coincides with the cohomology of £, considered as a coherent sheaf on X,
H*(X, ). The ith term C*(€) of the complex is equal to

clEe)= P HX(©),

dim Xo =i

where H;Z’(E) is the local cohomology of £ with support on X, that was introduced
in §4.8.

The differential §°: C*(€) — C*T1(€) is given by the alternating sum of the GC oper-
ators dop = 525: H¢ " (&) = H;L(;""‘H(E) introduced in §4.8:

8= Y eaplap: (4.23)

B Xa>Xgp

where €,3 = £1 are signs chosen so as to ensure that 1 0§* = 0. The existence of such
signs follows from the fact that the GC operators satisfy the identity (4.21) if we have
Xao - Xg/ - X’Y and X, - Xg// - X’Y'
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Under our assumptions on the stratification X = |
complex C*(€) coincides with H7 (X, ) (see [26]).

Let us see how this works in the simplest example of X = CP' and the stratification
CP' = Co| | oo.

Consider first the case when & is the trivial line bundle on CP'. The corresponding
complex C*(O) looks as follows:

aca Xa the jth cohomology of the

H°(Cy,0) — HL (0).

We have already determined these spaces in formula (4.14). The resulting complex is
(4.15), where the differential is obtained by composing the maps

Clw™'] = Clw,w '] and Cl[w,w '] = Clw,w™']/Clw].

It is easy to see that the differential is surjective, and its kernel is one-dimensional and
spanned by the constants in Clw~']. This coincides with the cohomology of © on CP'.

More generally, suppose that £ is the line bundle O(n), n € Z. Then we can trivi-
alize this line bundle on Cy and C,, and the transition function is w™. We still have
the identifications (4.14), but now the GC operator is the map (4.15) obtained by com-
posing the embedding Clw™!] — C[w,w™], multiplication by w™, and the projection
Clw,w™!] = Clw,w™1]/Clw]. As the result, the kernel and the cokernel of the GC oper-
ator change: if n > 0, then the kernel is (n + 1)-dimensional, spanned by 1, w1, ... w™",
and the cokernel is zero. If n < —1, then the kernel is zero, and the cokernel is spanned
by w™!, ..., w" . If n = —1, then both kernel and cokernel are zero. Again, we find the
agreement with the cohomology H*(CP', O(n)).

Now we use the GC complex to compute the cohomology of the anti-chiral supercharge
0. We compute this cohomology using the spectral sequence associated to the same
filtration that we used in the above computation of the cohomology of ). The Oth term
of the spectral sequence is again (4.22) and the Oth differential is the operator J acting
on this space. Now recall that each of the summands in the direct sum (4.22) factorizes
into the tensor product

He =F3 @ F3.

The operator 0 acts along the second factor Fi. It is easy to see that its cohomology
is one dimensional, spanned by the generator A2nti-hol of Fin which is in cohomological
dimension n — n,. Therefore, we obtain that the first term of the spectral sequence is
concentrated in the Oth row, and the terms in this row are isomorphic to

3,0 in anti-hol
E’~ @ Freapyitl
a€Aji=n—mg

According to formula (4.18), the action of the differential 0; of the first term of the
spectral sequence is given by the formula

) i - dw .
01 (!pa X Azntl—hol) =2m Z 5ozﬁ (Lpa) ® 5@5 < — af AN Azntl_hd) .
B;Xa-Xp Wap
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anti-hol
Aa

However, it follows from the definitions that we can normalize the states in such

a way that
N dwags i-hol i-hol
50(5( waf; A A?Xntl o — EaﬁA%ntl o )
where the sign e,p = +1 is due to the fact that we obtain A%l by multiplying
Aanti-hol with dig,g, and so for fixed 3 and varying o we obtain different signs in general.
Let us now identify the (i,0) group of the first term of the spectral sequence with

BE'= f

a€Aji=n—mg
by ¥, @ Aanti-hol s Recall that according to formula (4.16) we have
Fit = Hy." (2x hot),

where 2x 1ol = P >0 Q§7h01 is the sheaf of holomorphic differential forms. Thus,

B = P HY(2xn0)

a€A;i=n—mg

is precisely the ith term of the GC complex associated with £2x hol. Moreover, we find
that the first differential 9i: E° — EiT10 of our spectral sequence is given by the
following formula: for ¥ = (¥,,) € Ei’o we have (up to the inessential factor of 27)

W)= > eapdap(Wa).

B Xa>Xp

This is precisely the differential (4.23) of the GC complex C*®(£2x no1) associated with
the sheaf {2x ho1. Since the GC complex computes the cohomology of this sheaf, we find
that the cohomology of 9y is equal to

HY (X, 2x nol)-

Recall that the first term of our spectral sequence has only one row. Therefore, the
spectral sequence collapses in the first term, and we find that this is in fact the answer
for the cohomology of 0 on H".

Since X is Kéhler, we have

H*X,C)~ @ H,  H =H'(X, 0% )

1,520

Thus, the cohomology of the space H™ of ‘in’ states with respect to the anti-chiral
supercharge 0 is isomorphic to the cohomology of X, but with the cohomological grading
coming from the anti-holomorphic cohomological degrees of differential forms. However,
the holomorphic cohomological degree is preserved by 0, so we could consider it as an
extra grading on our complex. Thus, we find that the cohomology of the anti-chiral
supercharge 0 coincides with the cohomology of the full supercharge Q. In §6.3 we will
generalize this result to a class of non-supersymmetric models.
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5. Action of observables on the space of states

In the previous section we described the space of states of our quantum mechanical model
in the limit A = oo. We have seen that there are actually two spaces, H™ and H",
and that their structure is dramatically different from the usual structure in hermitian
quantum mechanics. The reason is that before we pass to the limit A — oo we make
a violent transformation of the states: the ‘in’ states are multiplied by e*/, and the
‘out’ states are multiplied by e=*f. In contrast, the observables of our theory are getting
conjugated by the function e’ . There is a large class of observables, namely, all evaluation
observables introduced in § 2.4 (corresponding to smooth differential forms on X), which
commute with e*. Those remain intact in the limit A — oco. This immediately leads to
the question: how do these observables act on the spaces of states, H™ and H°u?

This is the question that we take up in this section, first in the case of CP! and then in
the general case. We will see that analytic properties of the observables play an important
role in the limit A — co. We will also see that factorization of the correlation functions
over intermediate states leads to some non-trivial identities on analytic differential forms.

5.1. The case of CP!

The spaces of states in this case have been described in great detail in the previous
sections. The space H™ has a basis consisting of the states

|n7ﬁ7p»ﬁ>co and ‘naﬁvpaﬁ>oov (51)

and the space H°" has a basis consisting of the states

o{n,,p,p| and c_(n,n,p,p| (5.2)

Recall that we have defined the vectors in ’H(icno and H%‘i by using particular regular-
izations of the integrals of the differential forms 2"z"(dz)?(dz)?P and w™w™(dw)?(dw)P,
respectively, as explained in §4.2 (recall that z is a coordinate at 0 € CP', and w = 21
is a coordinate at 0co). We have seen in §4.6 that if we choose the ‘cutoffs’ appearing in
these regularized integrals in a compatible way (|z| < ¢~! in the first case, |w| < ¢~! in
the second case), then we have

Coc<n7 ﬁ7pap|na ﬁv}%ﬁ)@g = 07

and so the bases (5.1) and (5.2) are dual to each other (up to powers of 7). We will use
this property in what follows. If one were to choose regularizations of ‘in’ and ‘out’ states
independently, then some of our formulae below would need to be modified to account
for that.

The action of the evaluation observable @ corresponding to a smooth differential form
on CP! on #™ and H" may be found from the matrix coefficients

<wout|d}|win>'
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It follows from our construction that this matrix coefficient is equal to the integral
/ ANV

understood in the same way as in §4.6.
This allows us to compute explicitly the action of the evaluation observables. For
example, consider the case when w is a smooth (r, 7)-differential form on CP', and write

w=w,z(2,2)(d2)"(d2)" = wye(w,w)(dw)" (dw)",

so that
W (w,w) = (1)

(we recall our convention (3.16)).
Then we find from the above formula that

(‘D|naﬁ7pai)>({:0

_ 1 _ . B B ~
= ()7 Y g e )| ot st
m,m=0 z=0
9]
+ (_1)1’74‘1’3"!‘;077 X wwwwm—n—prﬁz—ﬁ—Qﬁ dw dw|m7m,p LBt 7:>OO
m,m=0 [w|]<e~t

and

A, = = T 1 - - n Qn m,~m = = =
w|nan7p7p>oo = (_1);0 Tl Z Z 8wam(wwﬂ7w w ) |m,m,p+r,p+r>oo.

m=0 m=0 w=0

Here we use the convention that a state is equal to zero if at least one of its indices takes
a value that is not allowed.
Likewise, we find that

Cm<n7ﬁ7pap|w
=1
= ()T Y ol e

m,m=0

(Coo<m7 m7p + T‘)p + f|

w=0

oo
+ (—1)ptPter Z X W,z ™M A dzg (my my p + 1, P+ T

m,m=0 |z|<et

and

https://doi.org/10.1017/51474748011000077 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748011000077

Instantons beyond topological theory. I 537

The right-hand sides of these formulae, as well as the other formulae that appear below,
are in general infinite linear combinations of our states. This means that they are really
vectors in the completions of the spaces H™ and H°"', which are the direct products
of the (finite-dimensional) generalized eigenspaces with respect to L¢ and Lg. However,
these naive completions are too big, and we would like to define some more reasonable
subspaces whose elements possess some analytic properties. Here is a possible definition
of such a completion 7:12510 of ’HE‘O: take the space of all analytic differential forms on Cjy
which grow not faster than a polynomial at co. It contains the monomials z"z" dzP dzP
that we have considered previously and the products of 2™z" with analytic differential
forms on CP'. The expansion of such a form at z = 0 gives rise to a (possibly infinite)
linear combination of our monomial states. The completion of H™ is then defined as the
sum of H and the subspace of the space of distributions on CP" spanned by all possible
regularizations of elements of 7:[25‘0. This completion of H™ contains, in particular, all
finite linear combinations of the derivatives of the delta-forms supported at oo as well as
some of their infinite linear combinations.

The completion of H°" is defined in a similar way. However, we note that the pairing
between H'™ and H°" does not extend to a pairing between their completions. Instead,
we have a weaker property. For example, for a 2-form w in the completion of H°%" and a
0-form f in the completion of H!" the pairing (w, f) will in general be a divergent infinite
sum. But the pairing (w, ¢*(¢)(f)), where ¢*(q)(f)(z,2) = f(gz,dZ) should converge if
0 < |q] < ¢ for sufficiently small § > 0 (which depends on w and f). We will observe a
similar phenomenon in the next section when we discuss factorization of the correlation
functions.

5.2. Correlation functions and their factorization over intermediate states

We now compare the above formulae for the matrix elements of evaluation observables
attached to differential forms on CP' with the exact expression (2.21) for the correlation
functions of these observables.

We recall that in general correlation functions are labelled by pairs of critical points
x_, x4 corresponding to the choice of the ‘in” and ‘out’ vacua. The corresponding path
integral is given by the integral over the moduli space M, _ ., of gradient trajectories
of the differential forms on X, pulled back to M,_ .. via the evaluation maps.

In our case X = CP!, there are two critical points: 0 and co, and there are three mod-
uli spaces. Two of them, My and M, «, consist of a single point. They correspond
to constant maps (taking the value 0 and oo in CP!, respectively). The only non-trivial
moduli space is Mg o which corresponds to the only possible instanton transition: gra-
dient trajectories going from x_ = 0 to x4 = oo. This moduli space is isomorphic to C*,
which is naturally isomorphic to the subset CP'\{0, 00} under the evaluation at t = 0
map evo. Thus, it has a natural compactification isomorphic to X = CP*.

Consider the two-point function of the evaluation observables & and F, where w is a
smooth 2-form on CP' and F is a smooth function on CP'. Let us insert & at the time
t; € R and @ at the time ¢5 < t;. Then the corresponding correlation function is equal
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to

so(@(t1) F(t2))o = /CPI we(e )" (F), (5-3)

where (¢(e™)*(F))(z,2) = F(qz,qz) with ¢ =e™! € R* and t = t; — to.

Actually, it will be convenient to break H = L, into the sum H = L¢ + L; where
& =20, and £ = Z0; and to allow t1, to and t = t; — t5 to be complex. Then we will have
the same formula as (5.3), except that

(@(e™")"(F))(2,2) = F(qz,77),

where g =e~ !, g=e"".

The right-hand side of formula (5.3) is the answer that we obtain from the Lagrangian,
or path integral, formulation of the model. On the other hand, we may compute the same
correlation function from our Hamiltonian formulation. In the hamiltonian realization the
vacuum ‘in’ state corresponding to the critical point 0 is

0)c, = 10,0,0,0)c,,
and the covacuum ‘out’ state corresponding to the critical point oo is
c..(0] = ¢.(0,0,0,0].
Therefore, the same correlation function should be equal to the matrix element
(@) F(0))o = . (0lwe e F)0)c, . (5.4)

We evaluate this matrix element using the formulae for the action of the observables on
the states obtained in the previous section for the action of L¢ and L on the states
obtained in §4.3.

We have

Flo)e, = Z ! — O OTF

+ Z X Fuw™p™ dw A dw|m,m, 0, 0)
w

m"ﬁz:O ‘ |<671

Next, we find using formulae (4.8) and (4.9) that

e e P|0) e, Z |m, m,0,0)¢,
777: z=0
o0
— 27 log(qq) Z TE m—1,m—1,0,0)0
z2=0
Z mt1 *’"“X Fu™a™ dw A di|m,m, 0,0)
=0 |w|<e—?!
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On the other hand, writing w = wyg dw dw = w,z dz dZ, we obtain that

oo
1
el = Y =000 wws|  cufmm, 1,1
m,mfomm w=0
oo
+ Z X w,z2MZ™ dz dzg(m,m, 1,1].
mym=0 " 1z]<e”?

Therefore, the right-hand side of (5.4) is equal to

(0| Fe T e Fl0) e,
oo m =m

= X wzgzmimdzdé-q g orolF
|z|<e?

m!m!

z2=0

. X Fuw™o™ dw dw
w=0 |w]<e—t

g oo F
Cmim)

w=0 z=0

m,m=0

qm q m am
+aq Z l—la iy wwra

m,m=0

oo

—27log(qq) Y

m,m=1

1
(m — 1)(m — 1)

Combining this formulae with formula (5.3) obtained using the path integral,

cn0lwe T e 0)e, :/ wF(qz,q2),
CPp!

we arrive at the following identity:

/ WF (g2, G)
CPt

OO Wi

== )( weemE dzdz - T gror F
=0 |z|<e—t m:m. 2=0
+qq Z 'q, ' O OT Wy . X Fuw™w™ dw dw
m,m=0 w=0 Jw|<e—1
— 2mlog(qq) i ! orrom e L oroTF
—  (m—-1Dlm -1 T T " mlm! 0
m,m=1 w= z=
(5.5)
Note that the identity (5.5) may also be rewritten in the following way:*
——\ - m=m = qmqm m Qm
wF(qz,qz) = wyz2MzZMdzdz - — 00" F
CP! =0 |z|<e—1 mlm! 2=0
+qq Z O Wi . X Fuw™o™ dw dw.
m,im=0 w=0 J|w|<gTle™?!
(5.6)

* We note that this formula played the role of ‘formula of love’ in the film Rites of Love and Math by
Reine Graves and Edward Frenkel (see http://ritesofloveandmath.com for more details).
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The terms with log |g|?, which appeared in the third term of (5.5) are now hidden in the
definition of the ‘partie finie’ regularization of the integral in the second term: instead of
the ‘cutoff’ |w| < ¢! as in (5.5) we are now using the ‘cutoff’ |w| < ¢~ te~1.

These identities express the factorization of the two point correlation functions over

intermediate states. Indeed, assuming for simplicity that ¢ is real, we rewrite it as follows:

(Olwe T E10) = S (001w, ) (217 F10) = S (0101, ) (w5 e~ [w,) (T F0),  (5.7)

v v

where {¥,} and {¥;} are dual bases of the spaces of ‘in’ and ‘out’ states, respectively.
Identities of this type are taken for granted in conventional (i.e. CPT-invariant) quantum
mechanics, where the space of states is a Hilbert space, so that we may take as {¥,,} and
{¥;} a complete orthonormal basis. However, our model is not CPT-invariant, and so
we do not have the structure of Hilbert space on the space of states. Instead, we have
two distinct spaces of ‘in’ and ‘out’ states and a pairing between them. Because of that,
identity (5.5) is more subtle, as we will see in the next section. It requires that F and w
be analytic, and also the equality should be understood in the sense that the right-hand
side is the ¢, g-power series expansion of the left-hand side in the domain 0 < |¢| < § for
some ¢ which depends on F' and w. Before discussing these subtleties, we point out some
salient features of this identity.

The most important feature of the identity (5.5) is the appearance of the logarithms
of ¢ and ¢ in the right-hand side. If the operators £¢ and L; and the Hamiltonian
were diagonalizable, then the right-hand side would be a power series in ¢ = e **¢ and
g = e *¢. But identity (5.5) shows that there are also the terms involving log ¢ and log .
This means that the operators L¢ and Lg, and the Hamiltonian H = L¢ + L, are not
diagonalizable, but have Jordan blocks.

This leads us to the following conclusion: the logarithmic nature of our model, which
manifests itself in the fact that the Hamiltonian has Jordan block structure, can be
detected from, and is in fact dictated by the correlation functions of evaluation observ-
ables. These correlation functions are given by a simple and explicit formula (2.21).
Applying this formula to various observables of our model, we find logarithmic terms in
q and ¢, which implies that the Hamiltonian is not diagonalizable.

However, it is important to stress that in order to observe these ‘logarithmic effects’
at least one of our observables should be a non-BPS observable, i.e. not be annihilated
by the supercharge @. If both F and & were BPS observables, i.e. Q-closed, then the
one-point functions appearing in the right-hand side of formula (5.7) would be non-zero
only when the intermediate states ¥,, ¥, are the BPS states (i.e. the vacuum states).
On such states the Hamiltonian is diagonalizable, so we would not be able to observe the
logarithmic terms. Since @ acts as the de Rham differential and w is a 2-form, we find
that & is Q-closed. However, F is not Q-closed if F' is non-constant (if it were constant,
then the logarithmic terms in (5.5) would indeed disappear).

Thus, we can discover the structure of the space of states of the theory, and in particu-
lar, the existence of the Jordan blocks of the Hamiltonian, only if we consider correlation
functions of non-BPS observables. This is one more reason for considering correlation
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functions beyond the topological sector of the theory: one simply cannot observe these
important features of the model within the topological sector.

One can write similar identities for n-point correlation functions of evaluation observ-
ables with n > 2.

5.3. Analytic aspects of the identity

We now analyse identity (5.5) in more detail. There are two important aspects that we
notice right away. The first one is that it does not hold for differential forms/functions
that are not analytic at the points 0 and oo. Indeed, suppose that all derivatives of F’
vanish at the point 0 (i.e. at z = 0), and all derivatives of wy vanish at the point oo
(i.e. when w = 0). Then the right-hand side of (5.5) is equal to 0, but the left-hand side
may well be non-zero.

Thus, from now on we will assume that F' and w are analytic. For the function F' this
means that for each point # € CP' there is a small neighbourhood of z in which F is
equal to its Taylor series expansion in z., Z, (where z, is a holomorphic coordinate at x).
In other words, this means that the real and imaginary components of the function F' are
real-analytic (this does not mean that F' is holomorphic!). For the 2-form w this means
that the functions w5 and w,z are analytic on C,, and Cgy, respectively.

We conjecture that the identity (5.5) holds whenever F and w are analytic on CP', in
the sense that the right-hand side is a q, G-series expansion of the left-hand side, which
converges in the punctured disc 0 < |q| < § for some § > 0 depending on F and w.

We also expect that the left-hand side is an analytic function in ¢, G on C*.

In what follows we present some evidence for this conjecture. We start by proving it
for a large class of analytic functions and differential forms which may be represented as
follows:

[e%

Wa _ fﬁ
=3 P 4xq F=S" 18
Zzz+Ra S Eﬁ:z2+Q5’
where R., Qg € C\Rgop, and the condition

> w@a=0 (5.8)

is satisfied to ensure that w is well defined at z = co.
Let us compute the left-hand side of the identity (5.5). To this end we need to compute
the integral of the form

1 1
dzdz.
/Wl 2Z+ Ry |q]?2Z2 + Qp
By making a charge of variables z = y/zel?, we rewrite this as

o0 1
2”/0 (@t Bo)(laPx + Qn)
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Next, we represent it as a contour integral of
1

—Hos (=) R P T 4

over the contour that goes along the real axis from 400 to €, then goes counterclockwise

around 0 and then along the real axis from € to oo, in the limit when ¢ — 0. The latter
is evaluated as the sum of residues of the integrand in the complex plane, and we obtain
the following answer:

10g \qlzRa/Qﬁ)
wF(qz z = =27 —. 5.9
/Wl (q2,q Z PR (5.9)

Now we compute the right-hand side. Using formula (4.6), we find that
X Wyz2mZMdzdz = 27r(—1)m+15m7mE:WQRZT log Ry, .
|z|<e1 S
Similarly, we obtain that

X . Fu™o™ dwdw = 27(—=1)" 6 m, Z ngE"“z log Q5.
w|<e~

On the other hand, we have

1
m!m!

Ol O Wi

= (1) m Y wa R,

w=0

antamF

mlm! *

z=0

= (=1)"6mm »_ f5Q5™ .
B

Substituting these expressions into the right-hand side of formula (5.5) and using the
condition (5.8), we obtain the following series

21y @afp Y Q5" 'Ri|g|*" (log Ro —log Qg + log|q|*).
a3 m=0

But this is precisely the |g|-series expansion of (5.9), which converges to (5.9) for all non-
zero ¢ inside the disc of radius min, g{|@Qg|/|Ra|}. Note that this is true if and only if
the condition (5.8) holds which is needed to make w well defined at z = co. So it appears
that the identity (5.5) somehow ‘knows’ about this condition.

Thus, we discover an interesting phenomenon: the factorization identity (5.5) should
be understood in the analytic continuation sense. Namely, the right-hand side is the
expansion of the left-hand side in powers of ¢, ¢ (note, however, that it also includes
terms with log |¢|?), which converges in the domain 0 < |g| < § for some § which depends
on the choice of F' and w. Moreover, we expect that the left-hand side of (5.5) is an
analytic function in ¢ for all ¢ € C*.
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In the same way as above we prove the identity (5.5) in the more general case of F
and w of the form

nzn

2"z
Wn,a = ;wamdz dz, (5.10)
AL
mom = -, 5.11
Im, %fﬁzzwﬁ (5.11)

where the R, and the Q3 are in C\Rg(. The numbers w, and R, (respectively, f3 and
Q) should also satisfy some conditions which ensure that w (respectively, F') is well
defined at z = co. In the same way as above we obtain that the left-hand side of (5.5) is
given by the formula

Rz log(Ra) — (Qalgl )"t log(Qplgl2)
Qp — |al*Ra ’

27T5n+m,n+fnqmqm(*1)n+m+1 Z wafﬂ
a,B

and the right-hand side of (5.5) is equal to the ¢, g-series expansion of the left-hand side.

Thus, we have now checked the validity of the identity (5.5) for a large class of functions
and 2-forms.

It is important to realize that we could reverse our calculation. Namely, after computing
the integral fcpl wF(qz,dz) we could expand it in a power series in ¢, ¢ and interpret the
result as the formula for the factorization of the two-point correlation function of w and F'
over intermediate states, as in (5.7). This determines completely the matrix elements of
F between the vacuum |0)¢, and generic ‘out’ states, and matrix elements of w between
the covacuum ¢ (0] and generic ‘in’ states. Thus, we could start with the two-point, and
more generally, n-point correlation functions of evaluation observables, which are given
by explicit integrals over moduli spaces of instantons, and use them to derive the matrix
elements of these observables acting on the space of states. In particular, this way we
find that the Hamiltonian of our model is non-diagonalizable. Moreover, we can estimate
the maximal size of the Jordan blocks (the maximal power of the logarithm of ¢ plus 1).
This points to an effective strategy for determining matrix elements from the correlation
functions, which can be applied to more general models, such as two-dimensional sigma
models and four-dimensional Yang—Mills theory that we will discuss in Part II. Again, we
stress that in order to obtain non-trivial results we must consider non-BPS observables.

To conclude this section, we point out another case when the identity (5.5) obviously
holds. Namely, suppose that F' is analytic, but w, > has compact support on the complex
plane Cy = (CIPl\oo, i.e. away from the point z = oo (thus, w is not analytic, and so this
is not a special case of our conjecture). Then there exist positive numbers R and r such
that w,z = 0 for all z such that |z| > R, while F is equal to its Taylor series expansion
in the disc |z| < r. In this case for all 0 < |¢| < r/R we have

/ wF(qz,qz) = / F(qz,qz)w.zdzdz
CPt |z|<R

e m =m
N Z mlm! OroE

/ w,z2mZ™ dz dz.
cp!

m,m=0 z=0
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Thus, the left-hand side of (5.5) is equal to the g, g-series expansion of the first term in
the right-hand side, while the second and the third terms vanish. Therefore, the identity
(5.5) holds in this case.

In the same way we prove the identity with the roles of F' and w reversed, i.e. assuming
that F' has compact support away from z = 0 while w is analytic at z = co.

Remark. It is interesting to investigate what will happen if we allow smooth but non-
analytic observables in the spectral decomposition of the correlation functions. For exam-
ple, consider the correlation functions of the evaluation observables whose support does
not contain the critical points of the Morse function.
Let us pass to the coordinates in which the gradient vector field looks like a translation
in one of them, say,
v = 0.

For simplicity, suppose that the observables are independent of the remaining coordinates.
Then the correlation function reduces to a one-dimensional integral over the ¢-line. For
example, if we have two observables, giving rise to a 1-form w = w(t) d¢ and a function
f(t) on the t-line, then the correlation function will look like this:

“+o0

Cla)= [ wlt)f(t-+log(am)
— 00

This integral converges because we have assumed that f and w have compact support

on the complement to the set of critical points (which in the model example consists

of the points ¢ = £o00). Clearly, in this case the decomposition of C(q) as a sum of the

contributions of the eigenstates of the Hamiltonian looks as the integral

dk . A
a@:/—wMWWAw (5.12)

21w
with R R
Crw(k) = f(=k)o(k)

being the product of the Fourier transforms of f and w. Formula (5.12) implies that the
spectrum of the Hamiltonian contains a continuous part, with the eigenvalues given by

B, = ik,

i.e. purely imaginary!

Thus, we are facing a dilemma: either these compactly supported functions and forms
require a new, infinite-dimensional, sector in the space of states, or, by some sort of
resummation, they are already included in the space of states that we have constructed.

It is instructive to reconsider from this point of view the example of the harmonic
oscillator, i.e. the quantum mechanical model on C, with the quadratic Morse function.
We have analysed in detail the A — oo limit of the full set of the eigenstates of the Hamil-
tonian in § 3.3, and we did not see any need for the continuous imaginary spectrum. How
could it be that the functions with compact support not containing zero are included in
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the space of states built from polynomials? Physically, the explanation is the following.
For A = oo the evolution looks like a constant velocity motion in the logarithmic coor-
dinate t. However, once A becomes finite, there is an admixture of diffusion, caused by
the term (1/(2X))A in the Hamiltonian Hy. What is more important, this diffusion takes
place in the linear, as opposed to the logarithmic, coordinates. Roughly speaking, the
evolution during some time 7" spreads the initially localized object as ~ \/T/\ > e~ 7,
for large T'. Thus, even if we start with a distribution with compact support not contain-
ing zero, the critical point, the diffusion will spread it so it will contain zero. Once this
has happened, the resulting distribution can be well-approximated by the Taylor series
at zero, i.e. by the wave functions from our space of states.

Another point worth mentioning is that the wave functions of the Hamiltonian L,
corresponding to the imaginary eigenvalues are not smooth at the critical points. For
instance, in the case of the CP' model, where v is the Euler vector field, these eigen-
functions have the form |z|"*. When we deform away from the point A = oo, we add the
term A'A to the Hamiltonian. If these eigenfunctions were present in the spectrum,
then we would be able to deform them to eigenfunctions of the deformed Hamiltonian.
But applying A to |z|*
this shows that it cannot be deformed to a smooth eigenfunction of the Hamiltonian in

, we obtain a function which has poles at the critical points, and

perturbation theory in A~

Let us mention, however, that in Part II, when we discuss the quantum mechanical
models on non-simply connected manifolds, we shall see some version of the ‘imagi-
nary’ space of states. Its appearance (in a much more tame form, with discrete spec-
trum) will be related to the existence of gradient trajectories which go from ‘nowhere to
nowhere’, i.e. never terminate. But this is only possible for Morse-Novikov, i.e. multival-
ued, functions.

5.4. Interpretation as an expansion of the delta-form on the g-shifted
diagonal

The identity (5.5) expresses the factorization over intermediate states of the two-point
correlation function of evaluation observables, one of which is a function and the other
is a 2-form. But we could consider instead the correlation functions of two 1-forms, or to
switch ' and w (so that C* acts on the 2-form rather than the function). In each case
we obtain a similar identity.

It is instructive to think of all of these identities as expressing the delta-form supported
on the ‘g-shifted diagonal’ in CP' x CP' in terms of distributions along the first and the
second factors. More precisely, consider the submanifold

Diag, = {(z,y) € CP' x CP' | y = qz} C CP" x CP",

Note that gz simply means the point obtained by acting on z € CP! with ¢ € C*. This
is the g-shifted diagonal. Now let A, be the delta-form (of degree 2) supported on Diag,,.
Note that A, is precisely the kernel of the evolution operator in our quantum mechanical
model on CP'.

https://doi.org/10.1017/51474748011000077 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748011000077

546 E. Frenkel, A. Losev and N. Nekrasov

Observe that

[ sanwrn = [ wser @) (5.13)
CP! xCP! Cpt

where (¢(q)*(F))(z,z) = F(qz,3Zz), is precisely the two-point function appearing in the
left-hand side of the identity (5.5). Likewise, if we take two 1-forms #; and 7, on CP*,
then we have

/ Ag A (m W) = / m A o(q)*(n2), (5.14)
CP! xCP! CP!

and similarly for a function and a 2-form switched:

/ Ay A (FRW) = / Fo(q)* w). (5.15)
CP! xCP! CPt

In these formulae, given differential forms w; and wy on (C]P’l, we denote by wy X wy the
corresponding differential form on CP' x CP*.

The identities discussed above correspond to an expansion of different components
of the distribution A,. More precisely, A, is the sum of three components which are
differential forms of degrees (0,2), (1,1), and (2,0) on CP' x CP'. The expansion of each
of them gives rise to the three identities considered above.

For example, consider the (0, 2) part of A, which we will denote by A((}o,z). This is the
part which contributes to the integral (5.13). Let ., 7 and .,y 7 be the distributions
on CP' defined by the formulae

Prnm (W) = )( wyz2MZMdzdz,  w € 2%(CPY),
|z|<et

w P (F) = X Fu™a™dwdw, F e Q°(CPY).
|Jw|<e—1

Given two distributions ¢, ¢ on CP', we will denote by ¢ X ¢ the corresponding distri-
bution on CP' x CP'.
Then the identity (5.5) may be rewritten as follows:

o0 ~ 1 _
AP = Z 07" B B (=0.)" (~02)75 ) (2,2) dz dz

mlm!
Z; m'm' (= 8w)m(_am)7715(2) (w,w) X w@in,m
0 _ om 187p 1 mam
—2ml q e w w (2) 7) X zZ £(2)
rloslad) mzm::1q ! (m —1)!(m — 1)!(S (w, @) m!m! mp 0 (227 dzdz.

(5.16)

One needs to be careful in interpreting this identity. Since we expect the identity (5.5)
to be true only for analytic functions, it is natural to consider (5.16) as an identity in
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the space of hyperfunctions on CP' x CP'.* We recall that the space of hyperfunctions is
the dual space to the space of analytic functions, equipped with an appropriate topology.
We will use the term ‘hyperfunction’ in the broader sense as an element of the dual
space to the space of analytic differential forms. The right-hand side of (5.16) should be
understood as a ¢, g-expansion of the left-hand side, as in the case of the identity (5.5),
which converges for 0 < |¢| < d for some real § > 0. It is clear that applying (5.16) to
the differential form w X F on CP' x CP' we obtain (5.5).

Likewise, there are similar identities on the components of degrees (1,1) and (2,0) in
A,. Those contribute to the integrals (5.14) and (5.15), respectively, and give rise to the
corresponding identities.

One may wonder whether there is a simplified analogue of the identity (5.16) in the
case of the target manifold X = C. There is indeed such an analogue, which is however
more restrictive due to the non-compactness of C. Nevertheless, it is instructive to look
at this identity.

The analogue of the g¢-shifted diagonal in this case is just the line y = xq in C x C,
and the corresponding delta-form is just

Ay =6®(y — 2,5 — qz) d(y —2q) A d(F — G2),

which is the kernel of the evolution operator of our model that we discussed in §3.4. It
appears as the A — oo limit of the kernel K, ; of the model at finite A (see formula (3.21)).
Let us look at its (0,2) component, which reads

§P(y — 2q, — gz) dy A dy.
The naive Taylor series expansion of this distribution looks as follows:

1

m!m!

> ¢t (=9,)™(—8y) ™6 (y,5) dy A dF. (5.17)

m,m=0

This formula may be interpreted in the following way. Let w be a 2-form on C with
compact support and F' a function that is analytic at 0 € C. Then for sufficiently small
q the series

)

y=0

[ee) B B 1 B
3 g / BT - OO F

mlm! Y Y

m,m=0
obtained by applying (5.17) to w X F, converges to the integral

A A B F) = [ wila) ().

CxC

The (1,1) and (2,0) parts of the decomposition of A, have a similar structure and
interpretation. The decomposition of A, obtained this way may be viewed as the A — oo
limit of the decomposition of the kernel of the evolution operator K,z in terms of the

* We thank P. Schapira and K. Vilonen for discussions of our identity in the context of hyperfunctions.
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orthonormal basis of eigenstates of the Hamiltonian, which is given in formula (3.20).
However, because we do not have the structure of Hilbert space on our space of states at
A = 00, this decomposition becomes more subtle: it has to be understood in the sense of
analytic continuation and the observables are required to have some analytic properties.

Thus, we see that an analogue of the identity (5.5) in the case of X = C may be
obtained simply by applying a Taylor series expansion to the delta-form supported on
the ¢-shifted diagonal. While it seems very easy to derive it, its validity is very limited
because C is not compact. Indeed, for the integral to converge we need to make an
additional assumption of compactness of support of at least one of the objects involved,
F and w. On the other hand, in order to make sense of this identity we need them to
be analytic. Thus, we have a clash between two seemingly irreconcilable properties of
differential forms on C: analyticity and compactness of support. The best we can do is
to assume that F' is analytic and w has compact support. The resulting identity is not
very useful, but it is still instructive to consider it as a toy model for the corresponding
identity in the case of CP.

In the case of X = CP' the structure of the identity is more complicated, but it is
applicable to a larger class of differential forms. Now instead of one infinite sum we have
three infinite sums. The first two have the structure similar to that of the sum appearing
in the identity for C. They correspond to the two critical points of the Morse function
on CP! (or equivalently, the fixed points of the C*-action): 0 and oo. The third term
has to do with the non-diagonalizable nature of the Hamiltonian. It would be interesting
to understand its meaning from the analytic point of view. On the positive side, all
differential forms on CP' have compact support, so the convergence of the left-hand side
of (5.5) is not an issue. Hence it makes sense to impose the condition of analyticity on
both F' and w.

In order to understand the generalization of these identities to other Kéhler manifolds,
it is more convenient to work with the other version (5.6) of our identity. This version
also has an interpretation in terms of the decomposition of the delta-form on the g-shifted

diagonal:
N m-m e 1 m m z z
AP = D 4B M (0 (0I5, 2) dzdz
m,m=0

[e%} 1 ~ e
+00 Y 0T (= 0u)" (~00) "0 (w, B) B B (5.18)

The terms with log |¢|? have now disappeared at the cost of changing the regularization
in the second term: we now use @y, 7, instead of wPm m- Lhe resulting identity has two
terms, corresponding to the fixed points 0 and co of the C*-action on CP!. There are
also similar identities for the (1,1) and (2,0) components of A,.

5.5. Generalization to other Kahler manifolds

We now briefly discuss how to generalize the results of the previous section to more
general Kihler manifolds, using CP? as the main example. Points of CP? will be rep-
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resented by triples (z1 : 23 : 2z3) of non-zero complex numbers, up to an overall scalar
multiple. Consider the C*-action on CP? generated by the vector field v = £ + &, where

f = 21821 + 7Z2822?

where v is a rational number such that 0 < v < 1. If v does not satisfy these inequal-
ities, then the structure of the ascending manifolds described below will be different.
Rationality of v is needed to ensure that & comes from a C*-action.

The vector field v is the gradient of the Morse function

_12[5 P+ (1 49) |z
2 |21 + |22 + |2

Its critical points are (0 : 0 : 1) of index 0, (0 : 1 : 0) of index 2 and (1 : 0 : 0) of
index 4. The corresponding ascending manifolds X, are X.0.1) = {(21: 22 : 1)} ~ C?,
Xo:1:0) = {(w1 : 1:0)} ~ C, and X(1.0.0y, which is a point.

The coordinates z1, zo are local coordinates at (0 : 0 : 1) representing points (z7 : 2o :
1). Let us introduce local coordinates wy, wq at (0: 1 :0) by representing nearby points
as (wyq : 1: wsy). Then we have

wp = —, W = —. (519)

We also choose local coordinates uq, ug at (1 : 0 : 0) by representing nearby points as
(1:u :ug), so that
z9 1

uy = ) Uz = —.
21 21
The space H™ of ‘in’ states is isomorphic to
H™ ~ 1(16:0:1) ® 7-[1(18:1:0) & 1(111:0:0)’

where

i(I(]):O:l) = (C[zlu 22, 21, 22] ® A[le, dz2, dgl, dfg],
t0:1:0) = Clw1, Ouy, W1, O, ] @ Aldwy, 10, ,diy, 29, - 62 (wa, b2) d*ws,

i(li;():()) = C[aul ) aUQ y 8711 ) aﬂg] & A[Zﬁul 3 'LC%Q ) 7/3171 ) 7’617,2] ! 5(4)('LL1, Uz, Uy, ﬂ2) d2’LL1 A d2u2’
The ground states are

A(0:0:1) =1, A(0:1:0) = 5(2) (w23w2) d2w23

A:0:0) = 8 (uy, ug, @, G2) d?uy A d®us.

Note that each space exhibits holomorphic factorization H* = Fi* @ F,.
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We realize HI™ as a subspace in the space of distributions on differential forms on CP?.
The subspace ’Hi’i:O .0y is a canonical subspace, which consists of distributions supported
at the point (1 : 0 : 0). The subspaces Hl(% 1.0y and ’Hi(%:():l) are not canonical. The
definition of elements of these subspaces depends on a particular choice of regularization
of divergent integrals, as in the case of CP' which we have studied in great detail earlier.
Changing regularization would add to elements of ’H(O 1.0) correction terms that lie in
’H(l 0:0) and to elements of H2 (0:0:1) correction terms in ’H(O 1:0) and H(l 0:0)° Because of
that, we only have a canomcal filtration with associated graded spaces being 7—[(1 0:0)
7'1(010 and?—l (0:0:1)"

This is reflected in the non-diagonalizability of the operators L¢ and Lg. According to
our general formulae (4.19) and (4.20), we have

Le = Le naive + 2m(—7612 @ 612 + (7 — 1)d23 @ d23),
Le = Lz paive + 27(—7612 ® 612 4 (7 — 1)23 @ 023).

where 012 : ’H(O 01) Hin (0:1:0) and dg3: Hin (0:1:0) — Hin (1:0:0) re the GC operators, and 612
and 093 are their compleX conjugates. Note that (in the notation of §4.8) we have wys =
wa, w3z = up and SO a1z = —7, azz =y — L.
As an example, we describe the action of 012 on the subspace C[z1, 22| of O-forms in
(16‘:0:1). Given an element of C|z1, 23], we rewrite it as a polynomial in wq, wzﬂ, using the
substitution (5.19). Then we project it onto the quotient Clwy, w3 ]/Clwy,w; '], which
we identify with the space Clws, Oy,] by the formula

1

m(*awz)mfl'

wiwy ™ = wl
One defines the action of §15 on differential forms of degree greater than 0 in the same
way. The operator do3 is defined similarly.

What is the maximal length of the Jordan blocks of the operators L¢, Lz and the
Hamiltonian? In the case of CP' the space H™ was an extension of two subspaces, ’H
and H1, and the off-diagonal parts of these operators were acting from one of them to
the other. Therefore, the Jordan blocks had maximal length 2. Now the space H™™ is an
extension of three spaces and the off-diagonal parts of these operators act from the first
to the second and from the second to the third. Therefore, a priori one could expect
Jordan blocks of length 3. It comes as a bit of a surprise when we learn that in fact the
maximal Jordan blocks have length 2.

There are two ways to see that. The first is to find the spectra of the diagonal parts
of £§ and Lg on each of the three subspaces of H™. According to the above description
of Hin (0:0:1) the eigenvalues of L¢ on it (which are the same as the eigenvalues of L¢ naive)
have the form n; +vyng, where ny,ng € Z>o. We also find that the eigenvalues on H(o 1:0)
have the form m1 (1 —7)+ (mg+1)7, where mq, po € Z30, and the eigenvalues on 7-[(1.0.0)
have the form (I3 +1)(1 —~) + (I2+ 1), where I, 12 € Z>o. We have similar formulae for
the eigenvalues of L. By inspection of these formulae we find that for irrational values
of 7 there is an overlap of the spectra between Hi? (0:0:1) and H(o 1:0)7 and between 7-[(0 1:0)
and 7—[(1 0:0) but none between ’H(O 0:1) and 7-1(1 0:0)" Even though we are only allowed to
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take rational values of 7, we expect the operators L¢ and Lg to depend continuously on
~. Hence we find that they cannot have off-diagonal terms acting from ’Hi(%:o:l) to ’Hi(rl‘:o:o),
and so the maximal size of their Jordan blocks cannot be greater than 2.

Another way to see that is to use the identity (4.21), which in our case reads

523 o (512 = 0, 523 o 512 =0. (520)

Therefore,
(012 ® 012) 0 (023 ® d23) = 0.

It implies that the square of the off-diagonal parts of L¢ and Lg (which are equal to each
other) is zero. This means that the Jordan blocks have length at most 2.

This should be contrasted to the case of the model defined on the manifold CP! x CP*,
with the vector field £ = 210,, + 220,,. In that case we have four ascending manifolds:
one two dimensional, X7, two one dimensional, X5 and X3, and one zero dimensional,
X4. The off-diagonal part of £¢ now has four terms:

812 ® 012 + 613 ® 813 + F24 @ S24 + 034 @ G34. (5.21)
The analogue of the identity (5.20) reads as follows:
024 0 012 = 034 0 913, 824 0612 = 834 0 b13.

However, it does not mean that the square of the sum (5.21) is equal to zero. It would
be zero only if we would change one of the four signs to minus (this is a good example
of how the signs e,g discussed in §4.8 are chosen).* Thus, because we now have two
‘channels’ from the two-dimensional stratum to the zero-dimensional stratum (via two
intermediate one-dimensional strata) we find that the square of the off-diagonal term of
Le (and, likewise, Eg) is non-zero. Therefore, there are Jordan blocks of length three in
the case of CP' x CP'.

For CP? we can go from the two-dimensional stratum to the zero-dimensional stratum
in only one way, because there is only one one-dimensional stratum. Therefore, the iden-
tity (5.20) on the GC operators now implies that the squares of the off-diagonal terms of
the chiral and anti-chiral components of the Hamiltonian are equal to zero. This analy-
sis leads us to a non-trivial prediction: the two-point correlation functions of evaluation
observables of the CIP? model can only contain log ¢ and log g, but not (log ¢)? or (log 7).
(Those can appear if and only if the Hamiltonian has Jordan blocks of length three, as
formula (5.7) makes clear.) This prediction turns out to be in perfect agreement with
experiment.

Indeed, consider the largest moduli space of gradient trajectories, corresponding to
the trajectories going from (0 : 0 : 1) to (1 : 0 : 0). This moduli space is naturally
identified with an open dense subset of CP? and it is naturally compactified by CP?. The
correlation function of evaluation observables corresponding to an analytic function F' on

* Note also that the squares of the supersymmetry charges & and 8 are equal to zero, but this is
because of the presence of the differentials dw,g and dw,g in formulae (4.17) and (4.18).
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CP? (inserted at the time 0) and an analytic four-form w on CP? (inserted at the time t,
which we allow to be complex, as before) is then given by the integral

/ wila)*(F), (5.22)
CP2

where ¢ = e~*. At first glance, it is easy to produce examples of w and F for which this
integral contains (log ¢)?, for example,
d22’1 A\ d222 1

— ., F= , 5.23
@ (2121 + 2,’222 + R)3 (2’121 + Q)(ZQZQ + P) ( )

where P, (), R are positive real numbers. However, the problem is that the function F
is not smooth at the point (0 : 1 : 0), because in terms of the local coordinates w1, ws
around this point it reads

. WaW2
(w11 Jwawz) + Q) (1 4 Pwyts)’

and so it is clear that its second derivative with respect to w; and w; is not continuous.
Likewise, F' is not smooth at the point (1 : 0 :0). To make it smooth, we would need to
pull it back to the blow-up of CP? at the points (0: 1:0) and (1 :0 : 0). The resulting
manifold is a del Pezzo surface, and the pullback of F' is a legitimate observable on it.
But the instanton picture is different on this del Pezzo surface than on CP?, and so it is
not surprising that (log ¢)? appears in the correlation functions on this del Pezzo surface,
even though it does not appear on CP?.

The forms (5.23) are also legitimate observables in the CP' x CP* model, where the
appearance of (log¢)? in the correlation functions of this model is to be expected due to
the existence of Jordan blocks of length 3 in the action of the Hamiltonian.

But the forms (5.23) are not legitimate observables in the CP? model, because F is not
smooth, let alone analytic. Therefore, this calculation is not a valid counterexample to
our claim (based on the analysis of the off-diagonal terms in the Hamiltonian action) that
there are no terms with (log ¢)2. In fact, in all examples of correlation functions given by
the integrals (5.22), where w and F' are truly analytic on CP?, that we have computed, we
have observed the appearance of log g, but not of (log ¢)2. Thus, the correlation functions
really distinguish between CP? and CP' x CP' (or del Pezzo surface) instantons, in
agreement with our predictions.

Note that we expect the same phenomenon for the CP"™ model (with a generic C*
action) as well. Here we again have a single stratum in each dimension, so the same
argument as above again applies to show that the square of the off-diagonal part of the
Hamiltonian is equal to zero. This means that the maximal size of the Jordan blocks of
the Hamiltonian (and its chiral and anti-chiral components) is 2 (and not n, as one might
have thought). Therefore, we expect the appearance of log ¢ and log g in the correlation
functions, but not their higher powers.

The action of evaluation observables on the spaces of ‘in’ and ‘out’ states of the CP?
model is obtained in the same way as in the CP' model. It is not difficult to write
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analogues of the identity (5.6), corresponding to factorization over intermediate states
in the CP? model. In the most interesting case of instantons propagating from (0:0:1)
to (1:0:0), the left-hand side of the identity is given by the integral (5.22). The right-
hand side is the sum of three terms, each corresponding to one of the fixed points of the
C*-action. It is a ¢, g-series that should converge to the left-hand side of the identity
inside a sufficiently small disc on the g-plane.

For a general Kahler manifold X, the compactification of the largest instanton moduli
space of gradient trajectories is X itself, and we have a similar identity in which the
right-hand side has terms corresponding to the fixed points of the C*. This identity may
be interpreted as a decomposition of the delta-form on X x X supported on the g-shifted
diagonal, as we explained in the case of CP' in §5.4. There are also similar identities
for other instanton moduli spaces. It would be very interesting to find a general proof of
these identities for all analytic evaluation observables.

We conclude our discussion of the observables with the following remark. So far we
have considered the evaluation observables of our theory which correspond to differential
forms on X. As we pointed out in §2.7, there are other observables in the theory which
correspond to differential operators on X. In particular, those include global holomorphic
and anti-holomorphic differential operators. The algebras of such operators should be
viewed as the precursors of the chiral (and anti-chiral) de Rham complex of the two-
dimensional sigma model that we will discuss in Part II. Differential operators on X
naturally act on the spaces of states H™ and H°"* of our theory (it follows from the
definition that these spaces are D-modules).

These operators are particularly important for computing the perturbation theory
expansion of the correlation functions of our theory away from the point A = co. This is
because perturbation to finite values of A is achieved by adding to the action the term
A1 g“l;papg, which corresponds, in the Hamiltonian formalism, to a differential operator
on X. Therefore, in order to compute the correlation functions in the theory defined for
finite values of A by perturbation theory in A™! we need to insert these operators in the
correlation functions of the theory at A\ = co. We will discuss this in §6.1.

6. Various generalizations

In this section we comment on possible generalizations of the results obtained above. We
begin by discussing the perturbation theory around the point A = co. In the previous
chapters we have exhibited the structure of the space of states of the theory in the limit
A = oo and discussed various methods for computing the correlation functions. It would
be highly desirable to use these results to obtain information about the theories defined
at finite values of A. In particular, we consider the question of how the space of states
of the model changes when we move away from the point A = oo, first in the case when
X = C and then for X = CP'. Because the Hamiltonian is non-diagonalizable we cannot
apply the standard tools of quantum mechanics and the perturbation theory turns out to
be a more challenging task. We then discuss the computation of the correlation functions
in A~! perturbation theory. We present some evidence that the quantum mechanical
models for finite values of A may be studied by using this perturbation theory.
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Next, we consider some non-supersymmetric analogues of our models. We discuss in
particular the computation of the cohomology of the anti-chiral supercharge d (in those
models in which it exists; they are one-dimensional analogues of the (0, 2) supersymmetric
two-dimensional sigma models). We make contact to the GC complexes of arbitrary vec-
tor bundles on Kéhler manifolds and results of Witten [39] and Wu [46] on holomorphic
Morse theory.

We also discuss briefly the generalization in which a Morse functions is replaced by a
Morse-Bott function having non-isolated critical points. More precisely, we will consider
the situation where the Morse function comes from a C*-action on our Kéhler manifold
X with non-isolated fixed points. We show how some of the features of the models with
Morse functions change in this more general situation.

Finally, we comment on the Morse-Novikov functions, which are multivalued ana-
logues of the Morse functions. They are particularly important for applications to two-
dimensional and four-dimensional models.

6.1. Perturbation theory around the point A = co

We have described above the structure of the spaces of ‘in” and ‘out’ states in the
limit A = oo of our quantum mechanical model. This structure is very different from the
structure observed at finite values of A. It is natural to ask whether one can relate the
two pictures by some kind of perturbation theory. This question is important because we
would like to understand our models at finite values of A using the results obtained at
A = oo, where the theory simplifies dramatically.

Note that here we have to deal with a somewhat unfamiliar situation, where the prob-
lem does not have a Hilbert space formulation, so we cannot use the hermitian inner
product, as is customary in the quantum mechanics, at least in all of its textbook exam-
ples.

We start with the case of the flat space C. We recall from §3.3 that in this case the
space of ‘in’ states is the space of differential forms on C if w > 0, and the space of
distributions supported at 0 € C if w < 0. In what follows we will restrict ourselves to
the subspace of O-forms.

In the former case the perturbation theory is very simple and finite. Indeed, the Hamil-
tonian H) at finite A is obtained from the Hamiltonian Ly, v=20,+ Z0s at A = 0o by
adding the term —(2/))9,05. This extra term lowers the degree of a polynomial by 1 in z
and by 1 in z. Therefore, starting with a monomial 2"z", which is an eigenvector of £,,
we can obtain an eigenvector of Hy by adding monomials of lower degrees. The resulting
polynomial is closely related to the Hermite polynomials.

The perturbation theory in the second case is more subtle. In this case we are trying
to reproduce the eigenfunctions of H), which look like e~ *“l?Z times a polynomial in
2, Z, as linear combinations of the derivatives of the delta-function 6(?)(z, z). These linear
combinations are sums of infinitely many terms, which may be thought of as asymptotic
expansions of the eigenfunctions at A=! = 0. That there are infinitely many terms in the
expansion is easy to see from the fact that now the additional term —(2/1)0,0; appearing
in the Hamiltonian increases the number of derivatives of the delta-function.
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The exact formulae for the eigenstates look as follows (in the notation of §3.3, where

for simplicity we set w = —1):
g/m . i 1 anaﬁefAzi -~ i 1 A7k8n+kaﬁ+k5(2)(z 2)
R onplal o E nInlk! # z ’
k=0
o0
m+k)AR+k)!
where
Im, m) = —— ,amamcs(?)(z z)

and the right-hand side is understood as the asymptotic expansion of the left-hand side
(viewed as a distribution on C) at A = co. The Borel summation of this series gives the
left-hand side.

We shall now sketch some aspects of the perturbation theory in A~ in the CP! model.
We start with the following simple remark. Suppose we want to solve the following
eigenvalue problem:

1
HY = FEV, HZHO—FXHI,

v=wl 4} %Q[kh E=E01+Y %E[kl,
k=1 k=1

Then we have the following simple relations:
HOW[O] — E[O]g/[o]7
(Hy, — Bl = — (g, — EP)wl

(—ERNG 4 (f, — By = _(p, — B0l (6.1)

In our case we have the additional subtlety of ‘almost’ degenerate perturbation theory.
Consider the Hamiltonian acting on functions, i.e. on 0-forms. To simplify our notation,
we will write |n, 7)o and |n,7)¢, for |n,7,0,0)s and |n, 7, 0,0)c,. We have

HO = 2’82 + 285 = —(U}aw + 153@), (62)
Hy = —2(1 + 22)%0.0: = —2(1 + w0)?0,, 0. (6.3)

The subspace HZ of the space of states is preserved by Hy and Hy:

Hyln,M)oo = (n+ 71+ 2)|n, ) oo,
Hiln,M)oo = 2(n+ DA+ D(In—1,1— D)oo + 20,0, ) + In+ 1,2 + 1) ).
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The equations (6.1) can be solved explicitly:

1 _
PO = |n, )y = —— 070202 (w, W),

nln! %
P = 4+ 1)+ D)(n+1,0+ Do —n—1,72— 1)),

PR =L+ D) (a+D[(n+2)(A+2)(n+2,7+ 2o +4n+ 1,7+ 1))
+nn(jn —2,1 — 2)oo +4In — 1,1 — 1) )]

and

E9 =n+tn+2
EY = —4(n+1)(7+1),
ER —4(n+1)(n+1)(n +7+2).

We conjecture that
EF — (ECHE10(1).

This would imply that the radius of convergence of the corresponding perturbative expan-
sion is approximately A~! < (F [0])’1, which means that we understand well the eigen-
functions whose eigenvalues are less than A. This agrees with the qualitative picture
suggested by the semi-classical analysis.

The determination of the perturbation series for the ‘in’ states that belong to the sub-
space 7—[}5‘0 is more complicated because of the Jordan block structure of the Hamiltonian.
Indeed, according to the calculations of § 4.3, almost all of the states |n,f)¢, in 7—[25“0 are
generalized eigenvectors of the Hamiltonian:

Hy|n,n)c, = (n+7)|n,A)c, —27|n — 1,7 — 1) 0, (6.4)

as we have seen in the previous section (the exception is the states |n,0)c, and |0,n)¢, ).
We also find the following formula for the action of Hj:

Hy|n,n)c, = —2ni(jn — 1,7 — 1)¢, + 2|n, e, + n+ 1,7 + 1)¢,)
+4r(n+n)(In — 1,0 — D)oo + 2|0, M) oo + R+ 1,0+ 1) o).

The corresponding perturbation theory is unusual, because normally one considers
hermitian Hamiltonians which cannot have Jordan blocks. The first question is whether
the degeneracy of the eigenvalues is removed and the Jordan block structure is broken
in the A~! perturbation theory. At first glance, it appears that the degeneracy and the
Jordan block structure should remain, because we know that the difference between
the two eigenvalues for finite A is of the order e, which appears to be out of reach
of the perturbation theory. However, here we could in principle obtain the asymptotic
expansion of this difference. It would be very interesting to analyse this perturbative
expansion explicitly.
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6.2. Perturbative expansion for correlation functions

It is important to understand to what extent the correlation functions of the quan-
tum mechanical models at finite values of A may be reconstructed from the correlation
functions at A = oo by perturbation theory. Here we consider the simplest non-trivial
example, which suggests that this may indeed be done successfully.

Let X = CP' and consider the two-point functions of the form o (@(t1)F(t2))o as
in §5.2. According to formula (5.3), the value of this correlation function at A = oo is
equal to the integral [ wp(e™)*(F) and to the matrix element

c.{0lwe™ o F|0)c,.
For finite values of A this correlation function is given by the formula
c{Of@e™ AT o),

where Hy and H; (acting on functions) are given by formulae (6.2) and (6.3). Now we
use the expansion formula

e (0@e tHOHATH) Py e

t
= ¢ (0|we tHoO |0y, — A1 / ds ¢ (0|we™Ho Hie= (= Ho p10)e ..
0

Together with formulae for F|0)¢, and ¢_(0|& found in §5.2 and the formulae for the
action of Hy and H; on ’H(‘C"O found in the previous section, this gives us an explicit
perturbative A\~!-expansion for the two-point correlation function (@ (t1)F(t2))o.

The same analysis may be applied to n-point correlation functions of evaluation observ-
ables. We find that each term of the corresponding A~ '-expansion is given by a finite
integral of a matrix element of these operators acting on the space of states at A = co.
Thus, in principle all of the corresponding A~! perturbation series are computable. It
would be interesting to relate these perturbation series to the actual correlation func-

tions in the theories at finite values of A\ computed by other methods.

6.3. Comments on the non-supersymmetric case

Up to now we have considered the limit A = oo of the supersymmetric model of
quantum mechanics defined by the action (2.16). There are also analogous non-super-
symmetric models, and many of our results may be applied to those models as well.

The simplest way to break supersymmetry is to consider fermions taking values in vec-
tor bundles on X that are different from the tangent and cotangent bundles. Since we have
assumed X to be Kéahler, we have chiral fermions: %, m,, taking values in the holomor-
phic cotangent and tangent bundles on X, respectively, and anti-chiral fermions, %%, 75,
taking values in the holomorphic cotangent and tangent bundles on X, respectively. We
may now stipulate that ¥%, m, take values in vector bundles £ and £*, respectively,
whereas 9%, T4 take values in vector bundles £ and £*, respectively. The vector bundle £
need not be complex conjugate to £, thus allowing the possibility of ‘heterotic’ quantum
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mechanical models, which are the precursors of the sigma models appearing in heterotic
string theory.
The bosonic part of the action remains the same as before:

/ dxe o) 4 axe da
—i — = a -
, a\ gt Pa dt )

where ¢ = v*0xa is a holomorphic vector field. We will again assume that & + £ is the
gradient vector field of a Morse function f on X and that £ comes from a holomorphic
C*-action on X.

To write down the fermionic part of the action, we need to assume in addition that the
C*-action on X may be lifted to € and &, i.e. that £ and £ are C*-equivariant vector
bundles on X. Then if we choose local trivialization of £ by local sections ¢’ and a local
trivialization of £ by local sections (b;, the generator of the one-dimensional Lie algebra
of C* will act by the formula

o' Mig?, &' M.
For example, in the case when £ and £ are the holomorphic and anti-holomorphic cotan-
gent bundles of X, we have bases of sections dz® and dz?, and so
M — ov® —a _ Ov"
b oxy b 9xb’

Now the fermionic part of the action is

; Dyt Dy’ i s
S (2 ) (2 i) )

Here D/Dt and D/Dt are the covariant derivatives corresponding to chosen connections
on £ and &, which may however be absorbed into the momenta p, and p; in the same
way as in the supersymmetric model (see §2.3).

The definition of the corresponding path integral for general vector bundles £ and &
requires special care because the space of fields does not carry a canonical integration
measure as in the supersymmetric case. We will discuss this question in Part III. Here we
will only point out that our results on the Hamiltonian description of the supersymmetric
model have obvious generalizations to the non-supersymmetric case.

We again have spaces of ‘in’ and ‘out’ states, H'™ and H°"*. The space H™™ is isomorphic
to the direct sum of spaces H» labelled by the fixed points z, of the C*-action, as in
the supersymmetric case. Each H* exhibits holomorphic factorization: HI* = Fin @ Fin,
where

FI = HEN(NE), FR = HE(AE)
(compare with formula (4.16)). The Hamiltonian is the vector field v = ¢ 4+ £. The action
of € and € is given by formulae similar to (4.19) and (4.20), in which the GC operators
are B
525: Fo — F5 and (5§ﬂ: Fr—Fy
for X, = Xg.
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The space of ‘out’ states has a similar structure, with the ascending manifolds X,
replaced by the descending manifolds X . In addition, we need to replace £ by 2%°P @ £*
and € by 2P @ £* where 2%°P and 2P are the line bundles of holomorphic and anti-
holomorphic top forms, respectively.

6.4. Cohomology of the supercharge in ‘half-supersymmetric’ models

An interesting special class of models arises if we let € be the anti-holomorphic cotan-
gent bundle on X, as in the supersymmetric model. Then we retain the anti-chiral super-
charge 0. The corresponding ‘half-supersymmetric’ models may therefore be viewed as
quantum mechanical analogues of the (0,2) supersymmetric sigma models (just like the
fully supersymmetric model may be viewed as an analogue of the (2,2) supersymmetric
sigma model). In such models it is interesting to compute the cohomology of the super-
charge 9, which may be viewed as a ‘baby version’ of the cohomology of the right moving
supercharge in the (0, 2) sigma models. This cohomology has been studied in [44], where
it was shown that it is closely related to the chiral differential operators.

In the ‘half-supersymmetric’ quantum mechanical model the supercharge 0 is given by
the same formula (4.18) as in the supersymmetric case, except that we need to replace
the GC operators 6,5 and 5 by 52[3 and 5(5;[3, respectively.

The argument of §4.9 for the computation of the d-cohomology in the supersymmetric
case carries over verbatim to this case, and we find that the first term of the corresponding
spectral sequence is just the GC complex C*(A®E) of the vector bundle A*E (see §4.9
for the definition of this complex). Actually, the grading on the exterior algebra A®E is
preserved by the differential, so the GC complex decomposes into a direct sum of its
subcomplexes C*(APE), p=0,...,dim E. This gives a second grading on the cohomology
of 9. This cohomology is therefore equal to the direct sum of the (Dolbeault) cohomologies
of the sheaves of holomorphic sections of the vector bundles APE, p > 0:

Hj =@ H' (X, N€).

p=0

Thus, we find an effective way for computing the cohomology of the anti-chiral super-
charge in the ‘half-supersymmetric’ quantum mechanical models. The result is that this
cohomology is nothing but the Dolbeault cohomology of the bundle A®*E, where the chiral
fermions take values.

This result is closely related to the work of Witten on the holomorphic Morse theory.
In [39] Witten has shown how to adopt his approach to Morse theory from [38] (discussed
in §2.1), which allows one to compute the de Rham cohomology of X in terms of an
instanton complex associated to a Morse function, to the computation of the cohomology
of the sheaf of holomorphic sections of a C*-equivariant vector bundle £ on X (in other
words, computing Dolbeault cohomology instead of de Rham cohomology). It is assumed
that X is a Kahler manifold equipped with a Morse function f whose gradient satisfies the
conditions listed above. Witten has shown that this cohomology may be obtained as the
cohomology of a certain complex. The groups of this complex are infinite dimensional, but
they are graded by the action of C* and the corresponding graded components are finite
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dimensional. Witten has computed in [39] the characters of the groups of this complex.
This enabled him to write down ‘holomorphic Morse inequalities’ giving estimates on
the Dolbeault cohomology of £ in the same way as the usual Morse inequalities give us
estimates on the de Rham cohomology of X.

It was subsequently shown by Wu in [46] that the characters that Witten had computed
were precisely the characters of the groups of the GC complex C*(€) of £. Therefore, it
was suggested in [46] that Witten’s holomorphic instanton complex should be interpreted
as the GC complex of £. This is in agreement with Witten’s result, because we know
that the cohomology of the GC complex is equal to the Dolbeault cohomology of £. But
the connection of this complex to quantum mechanics still remained a mystery.

But now we have found a natural explanation of the connection between the GC com-
plex and quantum mechanics. Namely, we have shown that the GC complexes naturally
appear in the framework of the ‘half-supersymmetric’ quantum mechanical models in
the limit A = co. We have found that the Dolbeault cohomology of a holomorphic C*-
equivariant line bundle on a compact Kéhler manifold coincides with the cohomology of
the supercharge 0 on the space of ‘in’ states of a particular model of this type: with left
fermions living in £ and right fermions living in the anti-holomorphic cotangent bun-
dle. Moreover, we have shown that the computation of the cohomology of 0 naturally
gives us the GC complex of £ (and even of A®E). This explains the connection between
‘holomorphic Morse theory’ and quantum mechanics.

We want to point out a particularly interesting class of ‘half-supersymmetric’ models
of this type. They are associated to a flag variety G/B, where G is a complex simple Lie
group and B is its Borel subgroup. This flag variety has a natural Morse function: the
hamiltonian of the vector field corresponding to a generic element of a maximal compact
torus contained in B. Its critical points are parametrized by the Weyl group W of G.
The corresponding ascending manifolds are called the Schubert cells, which we denote
by X, w € W. Its complex dimension is equal to the length of w, denoted by ¢(w). We
can choose the Morse function in such a way that they are the B-orbits on G/B. Note
that if G = SLy, then G/B ~ CP', and the corresponding Morse function is the one we
have studied extensively in the earlier sections.

Suppose that £ is a line bundle on G/B. Then it corresponds to an integral weight
v of the group G. Let us suppose that p is dominant, and so can be realized as the
highest weight of an irreducible finite-dimensional representation V), of G. We denote the
corresponding line bundle by &,. The GC complex of this line bundle is studied in detail
in [26] (see also [14,46]), where it is shown that this complex coincides with the dual of
the so-called Bernstein-Gelfand-Gelfand (BGG) resolution of V},. The ith group of the
GC complex C*(&,) is equal to

Ci(gu): @ HdimG/B—f(w)(G/B7gﬂ)'
L(w)=1

The group G does not act on the GC complex C*(€,), but the Lie algebra g does.
Under this action

HAmG/B=tw)(q/B €,) ~ Mt p)—p0
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the contragredient Verma module over g of highest weight w(u + p) — p, where p is the
half-sum of positive roots of g. Thus, the ith group of the GC complex is

@ (M+p

L(w)=

and its cohomology is equal to H*(G/B, £,,). According to the Borel-Weil-Bott theorem,
H°(G/B,&,) ~V, and H'(G/B,&,) = 0, for i > 0. Therefore, the GC complex C*(&,)
is a resolution of the irreducible representation V). It is dual to the BGG resolution,
which is well known in representation theory [26].*

According to the above discussion, this BGG resolution is naturally realized in the
context of a ‘half-supersymmetric’ model on G/B in which left fermions take values in
the line bundle &, and its dual. The cohomology of the supercharge 0 in this model is
therefore equal to

H*(G/B.A€,) = H'(G/B,0) ® H(G/B,&,) = Ca V.

Thus, we realize irreducible representations of simple Lie groups as 0-cohomologies of
‘half-supersymmetric’ models on the flag variety.

These results have interesting analogues in (0,2) supersymmetric two-dimensional
sigma models, as we will see in Parts IT and III.

6.5. Comments on non-isolated critical points

Up to now we have considered a Morse function f on a Kahler manifold X of dimen-
sion n and the corresponding gradient vector field v = V f which, as we have assumed,
decomposes into the sum & + € of a holomorphic and anti-holomorphic vector fields gen-
erating a C*-action on X. The critical points of f are the fixed points of this C*-action.
The assumption that f is a Morse function means that these points are isolated and
non-degenerate. In this section we discuss briefly what happens if we are in a situation
when the fixed points are not isolated and f is a Morse-Bott function.

Let Cy, a € A, be the components of the fixed point set of the C*-action on X (under
our old assumptions, each C,, consisted of a single point). According to the results of [6,8],
in this case X still has decompositions (3.28), with X, and X defined in the same way as
before, by formulae (3.29) and (3.30). However, in this case each X, is a C*-equivariant
holomorphic fibration over C,, whose fibres are isomorphic to C"=, where n, is the
number of positive eigenvalues of the Hessian of f at the points of C,. Moreover, locally
over C,, the bundle X, is isomorphic to the subbundle of the normal bundle to C, C X
spanned by the eigenspaces of the Hessian of the function f with positive eigenvalues.
Likewise, X ¢ is also a C*-equivariant holomorphic bundle over C,, with fibres isomorphic
to Cn~ne—dimCa T ocally over Cy the bundle X is isomorphic to the subbundle of the
normal bundle to C, C X spanned by the eigenspaces of the Hessian of the function f
with negative eigenvalues.

* If p is not dominant, then the cohomology is either zero or it occurs in a positive cohomological
dimension; in this case the g-modules appearing in the complex are the twisted Verma modules (see [14]).
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Consider, for example, the case of X = CP? with the C* action (21 : 2o : 23) — (g2 :
z9 : z3), corresponding to the vector field v = 210,, + z10;,. Then the fixed point set
has two components: the point C; = (1 : 0 : 0) and the one-dimensional component
Cy = {(0 : 23 : 23)} isomorphic to CP'. The corresponding strata X; and X, are the
point (1:0: 0) and its complement, respectively. Note that X, is a line bundle over CP!
isomorphic to O(1), which is also isomorphic to the normal bundle of Cy C CP?. The
strata X' and X? are the plane {(1 : u : ug)} and Cy = CP', respectively.

The description of the spaces of ‘in’ and ‘out’ states of this model is similar to the
one obtained previously in the Morse function case. Namely, H® is isomorphic to the
direct sum of the spaces HI', o € A. Roughly speaking, each space HII is the space of
Lo differential forms on C,, extended in two ways: by polynomial differential forms in the
bundle directions of X, and then by polynomials in the derivatives in the transversal
directions to X, in X.

The ground states, on which the Hamiltonian £,, acts by zero, correspond to differential
forms on C,. Given such a form w,, let @, be its pullback to X, under the projection
X, — C,. Then @, defines a ‘delta-like’ distribution supported on X, whose value on

n € 2°(X) is equal to
/ Wa AN|x,
bl

a

(compare with formula (3.31)). We will use the same notation @, for these distributions.
While these are the ground states of the model at A = oo, only those of them which
correspond to harmonic differential forms w, € 2°(C,), @ € A, may be deformed to
ground states for finite values of \.

Other elements of H,, are distributions obtained by applying to the distributions @, Lie
derivatives in the transversal directions to X, as well as multiplying them by differential
forms on X, that are polynomial along the fibres of the projection X, — C, (compare
with formula (3.34)). The definition of these distributions requires a regularization similar
to the one we used in the case of isolated critical points. Because of this regularization,
we obtain non-trivial extensions between different spaces H!, and the action of the
Hamiltonian is not diagonalizable. However, the formula for the Hamiltonian is more
complicated than in the case of isolated fixed points. Another difference with the case
of isolated fixed points is that we observe holomorphic factorization only in the fibre
directions of the maps X, — C,, but not along the manifolds C, themselves.

6.6. Morse—Novikov functions

In the analysis we have performed so far we worked with the single-valued Morse func-
tions f. Morse theory has a generalization for non-simply connected manifolds, namely,
the Morse-Novikov theory, in which f is multivalued and only its differential is well
defined. However, according to the results of [16], under the assumptions that we have
made: that X is a compact K&hler manifold X with a holomorphic vector field £ such that
its zeros are isolated and the set of zeros is non-empty, we have Hy(X,Z) = 0. Therefore,
all closed 1-forms on X are exact. Let 3 be the 1-form obtained by contraction of the
vector field v = &€ +¢ and the metric on X. Then 3 = df, where the function f is a Morse
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function on X whose gradient vector field is equal to v, and whose critical points are
the zeros of v and of &. Therefore, there is no need to consider the case of multivalued,
or Morse—Novikov, functions.* However, for infinite-dimensional Kéahler manifolds, such
as the loop space LX, such functions do arise, and in fact it is necessary to study them
in order to understand two-dimensional sigma models. We will study this in detail in
Part II.
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