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1. Introduction

Generally speaking, second quantization of string theory is string field theory [1,2]. In the
case of topological closed B string theory [3], however, its second quantization is known
to reduce to a six-dimensional field theory on a Calabi-Yau three-fold X [4], which is the
Kodaira-Spencer (KS) theory of gravity [S]. The configuration space of the KS gravity the-
ory B, which we will define in (2.2) below, has a structure of the differential Gerstenhaber-
Batalin-Vilkovisky (dGBV in short) algebra [6,7].

In this paper we study the algebraic structure of the configuration space 8 more closely.
We show, in particular, that some operators such as the Hodge dual operator or the Lefshetz
operators, which are originally defined on the space of the differential forms ‘A and are
transferred to B by the isomorphism between A and B as vector spaces, behave better in
B than in A in some sense. We also find another dGBV algebra structure in 5. Then we
consider the problem of holomorphic deformation of the KS theory using the algebraic
tools developed above.

The organization of the present paper is as follows. In Section 2, the configuration space
B and the action of the KS gravity theory, as well as the space of the differential forms A,
are introduced. In Section 3, we describe the algebraic structure of the configuration space
B; we convert the various linear operators on A to B and express these as differential
operators of the sigma model variables; in particular we find that the Hodge dual operator
is super-algebra homomorphism modulo a phase factor, and the Lefshetz operators are
derivations on 8. We give another dGBV algebra structure on B; two dGBV algebras are
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related to each other by the Hodge duality. In Section 4, we construct the solution of the
KS equation, which is the classical equation of the KS action, using the algebraic tools
developed above. Then we describe the deformation of the action and the supercharges
associated with the condensation of the solution. In Section 5, we identify the deformation
of the previous section as the holomorphic limit of the deformation of the complex structure
of the Calabi-Yau three-fold X by a direct computation. We also propose a deformation of
the states under the holomorphic deformation. In Section 6, we discuss rather briefly future
directions of the present paper.

2. Kodaira-Spencer Theory of Gravity
2.1. Calabi-Yau threefold

Let X be a Calabi-Yau threefold with a fixed complex structure. We also fix a holomorphic
three-form Q = s(z)dz' A dz? A dz3, where Z's are local holomorphic coordinates of X,
and a Kéhler form w = 1} g;; dz A dz/. We do not assume that the Kihler metric gijis
Ricci-flat.

There are two volume forms: the one is d vol,, = w?/3!, the other is dvolg = iQ A Q,
the ratio of which yields a scalar function o on X:

exp(o) = |s|*(detg)™". 2.1

Note that the Ricci tensor can be written as R;; = 8;0;0.

2.2. Configuration space of the Kodaira-Spencer theory

Two dimensional B-twisted topological sigma model with X as a target [3] coupled to
topological gravity defines a topological B-string theory [4,5].

The string field theory of the topological B-string is reduced to a six dimensional field
theory on X [4], known as the Kodaira-Spencer theory of gravity [5].

To explain the field content of the KS theory, we introduce the following space:

3
B= EB BP9, BP9 =T(X, N\’'TX ® \T"X), (2.2)

P:q=0

where TX(T*X) is the (anti-)holomorphic (co)tangent bundle of X. Note that B is a sub-
space of the state space of the topological B-sigma model [3] which has X as the target
with all stringy excitations supressed [4].

It is convenient to use the sigma model variables 8; = 6/97', 7]7 = dz/ so that an element
a of BP1 is expressed as

1 iip 5 - -
@ = plg! Za’;ll...;q(z, 20,0, - -nl. (2.3)

For @ € B"4, |a| = p + q is called the ghost number of «.
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2.3. Space of the differential forms

We have also the space of differential forms on X:

3
A= @A”’q, AP =T(X, N’T*X ® \“T*X). (2.4)
p.q=0

We define the Hermite metric on A by the Hodge dual operator # : AP? — A3~%37P a5
(alb) = fa Axb, a,beA. (2.5)
X

The exterior differential operators are given by d = Y, dz A 8/8z', 8 = Y.dZ' A /87, and
their conjugates with respect to the metric (2.5) are 37 = — % 9%, 07 = — * 0x.

These four operators are all nilpotent and their anti-commutators all vanish except for
two pairs, both of which give the same Laplacian:

O=080"+d"0=00"+ 9. (2.6)

The harmonic states are its kernel: H = Ker [, the orthogonal complement of which with
respect to the metric (2.5) admits further orthogonal decompositions:

H* =Imd®Imd" =ImddImd’. 2.7)
In particular the subspace Ker 9 C ‘A is decomposed as
Kerd = H® Im(dd) & Im(8d"), (2.8)

where H is called the physical states, Im(89) the trivial states, and Im(88") the unphysical
states in [2] in the context of closed string field theory.

The Green’s operator G is defined to be zero on H, and O'onH* [8]. LetIT: A - H
be the orthogonal projection onto the harmonic forms, then

idg =1+ G0O. 2.9)
Form the Lefshetz operators L = wA : AP — APYL+H A = [T = +71 o Lo , we can
form a SU(2) algebra which is self-adjoint with respect to the metric (2.5):

1 1 1
Ji = E(L +A), Jh= E(A -L), J= 5(3 -P-0), (2.10)

where (P, Q)|AP~‘? = (pa C]), and [J,, Jp] = IZ €apcdc-
The commutation relations among the differential operators and the Lefshetz operators
above are known as the Hodge-Kihler identities [9]:

[L,d] =0, [L,d] =0, 2.11)
[A4,01=0, [A,87]=0, (2.12)
[L,6"1=i8, [L8]=-i6, (2.13)

[A,0]=id", [A,0]=-id". (2.14)
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Using the holomorphic three-form £, we can define an isomorphism p : 8 — A of
vector spaces [10]

p(1)=sdz' AdZ? AdZ, (2.15)
p(0) = 153 wepdz AdZ, (2.16)
0(6:0) = —sYrend 2, (2.17)
0(60,6,05) = —s, (2.18)

where € is the Levi-Civita symbol. Note that p maps B”“ to A*P4, so that it inverts the
Grassmann parity.

The significance of the isomorphism p is that we can convert each linear operator f on
Ato that of Bby f := p~' o fop. In particular, we give the special names for the operators

below
A=9 : B — Brla, (2.19)
S = dt: BP9 — Brla, (2.20)
R =gt Bra _ pra-1 (2.21)

In fact, B itself has a Hermite metric, dg, which is the BRST operator of the topological
string [3], and its conjugate 9; [8,9]. Note that here we are temporarily using subscripts in
order to distinguish dg from 0 4. Then we find that

aB = _C;);, BT

g =—¢ oRoe™, (2.22)

where o is the scalar function defined in (2.1) [10].

2.4. Kodaira-Spencer gravity action

Let us define the trace map Tr : 8 — C (complex numbers) by
Tr(a) = fp(oz) ANQ, ae8B. (2.23)
X

It is clear that Tr(a) # 0 only if @ € B>3.
Lemma 2.1. Let @ € BP9, 8 € B¥P379, then p(a) A p(B) = (1) p(a AB) A Q.
Proof. We use ordered multi-indices to write the elements
< _ < _
a= Z oo’ e B, B= Z BXoxn" € B4,
1,J K,L
where each multi-index has the form I = (iy,...,i,), i} <iy <--- <i,. Forl =(,...,ip),

let I* = (i%,...,i%_ ) be the complementary multi-index, i.e., {ij, - ,i,,i5,...,0k_} =
1 3-p p y R
{1,2, 3} as an unordered set. Then we have p(;) = (-D)1I=-D72¢; . sn!" where 5 = d 2/,
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Simple computation shows that
<

pe) Ap@B) = (=15 > e reral Bln'mn’ A2,
1,J
<

1Al i3 3
aAB= (DT e e B.0:10:0 07,
1.J
<

pl@ AB) = (=D)'" s e pepga Brn'ny.

1,J o
An immediate corollary is the useful formula
Tr(a AB) = (=D f p(@) Ap(B), a€ B, BeB P, (2.24)
X
from which we obtain the “integration by parts” formulas below:

Tr(da A B) = (-1 Tr(a A HB), (2.25)

Tr(Aa A B) = (=D Tr(a A AB), (2.26)

Tr(Sa A B) = (-1 Tr(a A SPB), (2.27)

Tr(Ra A B) = (=) Tr(a A RB). (2.28)

Now we are in a position to write down the action of the KS gravity theory [5]. For
simplicity, we here restrict ourselves to the classical theory, which means that the “string
field” ¢ takes values in BY!. It is known that in closed string field theory, to obtain a gauge
invariant action, we must put the subsidiary condition A¢ = 0 on the state ¢ € B, so that
the configuration space must be reduced to

B"'nKerA = p '{(H*")®ImA N B", (2.29)

where the first direct summand of the right hand side is called massless, while the second
massive [5]. According to (2.29), we decompose ¢ € B! N KerA as ¢ = ¢; @ @, where
@1 € p~'(H>!) and @ € Im A. Then the action evaluated at ¢ is given by

Sxlg1|P] =Tr é(% + DP)A (o1 + D) A (@) + D) — %5A‘1¢ A @). (2.30)

We note that 0 above is the BRST operator of the string theory. From the Hodge decom-
position (2.7) and the partial integration (2.25), we can see that the value of (2.30) does
not depend on the choice of A~'@. Note that from (2.9) we can write ¢; = I(¢) and
@ = ASG(p).

We note that in (2.30) the massless mode ¢; does not has a kinetic term so that it acts as
a background field [5]. Let M be the moduli space of the complex structures of Calabi-Yau
manifolds, and 7 M be its holomorphic tangent bundle. Then the complex structure of X
determines a point [X] € M and ¢, an element of Tjx; M. Thus the total background of the
action (2.30) can be regarded as the total space of T M [11]. It is also interesting to note
that integration of the holomorphic anomaly equation is performed by quantization of the
massless modes [5,12,13].
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The equation of motion, which is known as the Kodaira-Spencer equation, construction
of its solutions, and deformations of the action (2.30), we will discuss in later sections.

3. Algebraic Structure of B
3.1. Linear operators in sigma model variables

We have seen in the previous section that the space of differential forms A have a rich set of
linear operators on it, which we can transfer to those on 8 via the isomorphismp : 8 - A
(2.15-2.18). In this subsection, we describe these linear operators on B as those acting on
the bosonic variables 7/, 7/ as well as the fermionic ones 0;, ni .

3.1.1. The Hodge dual operator

The action of the Hodge dual operator % : B»? — B%? clearly corresponds to the exchange
of § and 5. Form this observation, we find the following description.
First define a map « between the sigma model variables by

kO) == gimws k)= ) g6, 3.1)

Then we extend « to B as a super-algebra homomorphism. Finally the action of the trans-
ferred Hodge dual operator on a homogeneous element a € B is given by

fa = 1e(|a))k(a), 3.2)

where e(n) is the “phenomenological” sign factor defined by e(n) = (—1)"*+D#+2/2 We can
easily see that (3.2) satisfies % = (-=1)*1q.

The operator # is well-defined for the wedge product of B. Indeed from the formula
e(me(m)e(n + m) = (=1)™*! we have

fa Ap) =i(-1)" %) A 2(B). (3.3)

3.1.2. Four differential operators

The exterior differentials and their Hermite conjugates viewed in 8 are given by

_ -0

§=>" "la_z?’ (3.4)
A=s'o (%aigios 3.5)
S = —ng"ek(% _r%"la%)’ (3.6)
R:e_UOZg;j (ﬁizl +F‘];10kc%l)ﬁilf oe”, (3.7)

where F}k = 3:8"d,81, 8 = /37, is the Christoffel symbol, and it is unavoidable to use
sometimes Einstein’s summation rule.
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3.1.3. Lefshetz operators

The Lefshetz operators, L : B?4 — B4+l A . Br4 — Br+l4-1 are given by the
following differential operators

A =0

— ol
L=i E gin 20, (3.8)

N =0
Az—i 110,‘—_, 39
§g o (3.9)

Let us check the first formula (3.8). Pick up an element of B”¢ and differentiate it by 6;

< <
_ 0 _
a= Z o0’ e B, 200 = Z ol elNoy’,
1.J ! I1,J:iel

where I; = I\{i}, and €([;) is a sign factor. Then we have

. ;0 _ S i
Dligy 0 oga =D DD iggahednony’. (3.10)
ij ! i,j 1J:i€l,jg]
On the other hand, the action of L is computed as

<

p(@) = (_1)17(17—1)/2 Z sa/g 61,1*’7’*'7],
LJ
<

wAp@) = (DI NT N g sal e W,
ij 1Jueljed
< -
plwape)=> > igzalere o, (3.11)
ij LJicl,je]

where € (I;) is the sign factor which satisfies p(8;) = (=1)P~D0=225 &' (IL)nin" .

If i € I is the kth element, then the sign factors are €(I;) = (-1)*7!, €' (1)) = (=1)" ¢,
which shows that (3.10) and (3.11) coincide with each other.

Then the relation % o A = L o % yields the second formula (3.9). We can also verify the
Hodge-Kihler identities (2.11-2.14) among the converted operators L, A, and , A, S, R.

The configuration space B of the KS gravity is a subspace of the state space of the
topological B sigma model with stringy excitations omitted, so that B has some rem-
nants of the N = 2 supersymmetry algebra, among which are the left/right U(1) charges
(1/2)(xi(L — A) + Pg + Qg) [5], the sum of which yields the ghost number operator

0 =0
PB+ QB = Zala—ol +Zn]a—n} (312)

As é; = Q0g, 13—;( = 3 — Pg, the generators of the SU(2) (2.10) become
PO A A 1~ . ~ 1
Ji=-(A+LD), Jo=—=A-L1), J3=-(Pg-0s). (3.13)
2 21 2

Notice that these operators are of order one [14], which means that they act on 8 as deriva-
tions with respect to the wedge product. Therefore it can be said that the wedge product of
B conserves the SU(2) symmetry.
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3.1.4. Hodge duality, SU(2), and B!

Note that the Hodge dual operator # maps each diagonal sector BP” to itself with the
eigenvalues +1i. It is easy to see that % acts as —i on B%9 and as +1i on B33, As for the most
important sector B"!, we find the following fact:

Lemma 3.1. For @ € B!, $a = +ia ifand only if La = 0.

Proof. Let us denote an element of B! by & = 3 a§0inj. Then Lo =i} g,-,;agl]’_‘l]j , SO
that La =0 & 3 g,-,;aré_ = 3 ;.. On the other hand, from %a = iZg,-,;gﬂa;Hmk, we see

that& = +ia & Zg,-,;gﬁa;_, = 015_(. O

In other words, #a = +ia if @ belongs to a trivial representation (singlet), and %#a =
—ia if @ belongs to an adjoint representation (triplet) of SU(2).

3.2. dGBYV algebras on B
3.2.1. Algebra associated with the pair (A, 0)
We recall here the dGBV algebra on 8B discovered in [6]. A good reference of the subject
is [7]. Let us define the odd bracket on B by
[@ep]=(-DA®@AB) — (=1)A@) AB—a AAP), (3.14)

where the symbol e carries the ghost number minus one. It should be remarked here that if
@, € Ker A, then [a ¢ 8] = (-1)/A(a A B) € ImA.
This bracket satisfies the following relations:

[Bea] =—(—1)IDBD 14 ¢ g, (3.13)
[ae[Bey]]l=[[aepley]+(-)IVEDBe[qey]], (3.16)
[aeBAY]=[aeplAy+ (D) B A[aey], (3.17)

Ala o B] = [Aa o B] + (-1 [ o AB], (3.18)
Ol o Bl = [0a o B] + (—1)™! [a @ 3B]. (3.19)

The first two relations define a structure of the odd Lie algebra on 8, the third means that
[ae ] is a derivation with respect to the wedge product, while the last two show that both A
and 0 are derivations with respect to the odd bracket.

A most useful presentation of the bracket (3.14) is given by the odd Poisson bracket

— - —

5 0 o 0
[@efl=>" 05 N e B g N B (3.20)

Note that the right hand side does not depend on the holomorphic three-form Q.
Recall that 8B is a hybrid of polyvectors and differential forms (2.2), and polyvectors
close themselves under the Schouten-Neienhuis bracket [14,15]. This puts to 8 another
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product structure; it is essentially the same as the odd bracket (3.14). To see this, let us use
multi-indices to present two homogeneous elements of B

< <
a= Z obom’ e B, p= Z B 6xnt € B, (3.21)
=p,|J1=q IK|=r,|LI=s

Then the odd bracket can be written as

[@ e fl = =(=1)1D 3" [t 61, B Ol ', (3.22)

1,JK,.L

where [, Js, is the Schouten-Neienhuis bracket.The formula (3.22) is known as the gen-
eralized Tian’s Lemma. The original Tian’s Lemma refers to the case of p = r = 1 [16],
where the Schouten-Neienhuis bracket reduces to the Lie bracket of vector fields.

3.2.2. Algebra associated with the pair (R, S)

The dGVB algebra in the previous subsubsection has been constructed using the two oper-
ators: A of ghost number minus one and of order two [14] and 0 of ghost number one and
of order one, which satisfy A> = 0, 3> = 0 and Ad + A = 0.

We have another pair (R, S) which has the same properties as (A, 0), which leads us to
define the following odd bracket

[a % B] = (-1 R(a@ A B) = (=1)R(a) A B — @ A R(B). (3.23)

The two odd brackets are related by the Hodge dual operator as

[a x B] = i(-D)"PH 420 @ 28], (3.24)
from which we can show the dGBV algebra relations:
[Bx a] = —(~D)HDEFD [q 5 g], (3.25)
[ * [B% Y]] = [la* Bl * y] + (=D)IDED 55 [0 % y]], (3.26)
[ % (BAY]=laxBIAy+(=DIHBA [0 *y], (3.27)
Rl * B] = [Ra * Bl + (=)' [a x RA], (3.28)
S[a* Bl = [Sa x B+ (—D [a x SB]. (3.29)

We have also obtained the following formulas
Ala * 8] - [Aa * 8] + (=1)"'[a x AB]
= —R[a o 8] + [Re o B] — (—1)[a @ RB, (3.30)
SlaeBl—[Saepl+(-1)aeSp]
= —0[a * B] + [a * 8] — (=1)"[a * 3B]
= (=D (O@Arp) - Oa Ap-aalp), (3.31)

where we recall that the Laplacian is given by 1 = —8R — R9 = AS + SA.
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The odd Poisson bracket form is given by

? o, o (o )
[ % B] = Zgu[( Hekr] alﬁ aa— [61+rf’9]‘86’]ﬂ]’ (3.32)

the right hand side of which is independent of the scalar field o

The dGBV algebras associated with the space of differential forms A, which are ex-
pected to be a mirror dual to those of 8 when the sigma model instanton effects are incor-
porated, have been studied in [17,18,19].

4. KS Action and its Deformation
The algebraic tools developed in the previous sector enables a systematic treatment of the
classical KS gravity action

1 1-
Sxlp1|®] = Tr EsoAcpAcp—zaA‘lgb/\qB , .1

where we recall that ¢ = ¢ + @ is an element of B! NKer A, the massless part ¢, = [1(¢) €
o '(H>!) is a background field, and the massive part @ € ImA N B"! carries dynamical
degrees of freedom.

We obtain the equation of motion of ¢ from variation of the action (4.1)

- 1
In components, ¢ = 3 9030,-1]7 , it reads
O3k = O+ > (Lol - ehigt) = 0. 4.3)
]

This is the famous Kodaira-Spencer equation [8], which describes deformation of complex
structures on X.
The action has the gauge symmetry; the infinitesimal form of it is

5P = 0¢ + [p e €, (4.4)

where ¢ € B'Y N Ker A is a gauge parameter.

4.1. Solution to KS equation

We construct a solution to the KS equation (4.2) following [16,20].

Let ¢; € p~'(H*') a massless mode. Then we claim that there is a series of massive
modes ¢, € p~'(Im(80"))NB"!, n > 2, such that ¢ = 3., ¢, solves the KS equation (4.2).
In fact, we can solve order by order the equation for ¢,:

- 1
Op(pn) = Yn = Ep( Z [pi @ soj]] : (4.5)

i+j=n

For n = 1, (4.5) is trivially satisfied by ¢;.
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For n = 2, (4.5) becomes

Fp(g2) = ¥2 = p(lg1 ® @1]). (4.6)

From the definition of the odd bracket (3.14) and the fact ¢; € Ker A, we see that ¥, € Im 9.
The formula (3.19) shows that i, € Kerd because ¢; € Kerd. Then d0-Lemma implies
that ¥, € Im(89) c Ima, from which we see that (4.6) has solutions. In particular the
gauge condition p(¢,) € Im 8 picks up the unique one: p(¢,) = "Gy, € Im(A").

Suppose that we have solutions ¢; = 0'Gy,, € p~' Im(90") for 2 < k < n. Then we
see that y,.; € Im 0 because each term [¢; ® ¢;] of ¥,,,; belongs to Im A by the inductive
assumption. We can also show that ;1 € Ker 8 since

B3 Y leeel= Y Weieel=—3 > Nlmeelegl @

i+j=n+1 i+j=n+1 i+j=n+1 k+l=i
the right hand side of which vanishes due to the Jacobi identity of the odd bracket (3.16).
Therefore again from the -Lemma, we see that ¢,,,; € Im(dd) c Im(d), and we obtain
the n + 1st solution p(¢,+1) = o;'*GwnH. Thus we have obtained a solution ¢ = ), ¢, of
the KS equation (4.2). Note that ¢ satisfies A¢ = 0, Ry = 0 by construction. For the proof
of the convergence of the infinite sum };,. ¢, for sufficiently small ¢;s, see [21].
Let us define the massive propagator [11] by

P=p'08'0Gop: B — pr-lal (4.8)

Then we get the recursion formula for n > 2:

n—1
on =75 D, P@i N gnd). (4.9)
i=1

N —

Proposition 4.1. The solution ¢ =}, @, of (4.2) constructed above satisfies ¥¢ = +1¢.

Proof. From the lemma 3.1, it suffices to show that Lo = 0. First note that Ly; = 0
because L maps p~' (H>!) to p~!(H>?) = {0}. Second, we observe that . commutes with P
as [L,G] = 0and [L,870] = 0, so that L, = 1 PL(p; Agp)) = SP(Le1 Agr +¢1 ALgy) =0,
where we have used the fact that L acts as a derivation with respect to the wedge product.
Finally, from the recursion relation (4.9), we see IZ(,D,, = 0 for each n. O

4.2. Condensation of string and deformation of supercharges

Let @lp1] = 3,52 ¢n, Where ¢ € p'(H>") and ¢,, n > 2, is the solution of (4.5) con-
structed above. If we let @ have vacuum expectation value @[¢;] and expand the KS action
(4.1) with respect to the fluctuation @ around it, we get [5]

Sx[eilPler] + @] = Sx [@1|Pler]] + S [@'], (4.10)
S[@'] = Tr(é@’ AD AD + %A‘l(éqﬁ' tlpe XDAD|, (411

where ¢ = ¢; + @[] is the solution of the KS equation considered above.
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The first term of (4.10) is known as the prepotential of topological string and has a
following expansion [22]:

1 1
Sx[eilPlei]] = 3 Tr(o1 A1 A1) + 3 Tr(g1 A @1 A P(p1 A 1))
4.12)

1
+ gTr(sol A1t AP(or AP(pr Apr)) + -0

We note that in the kinetic term of §[@’] (4.11) appearance of the new BRST operator
0 + [pe ], which is nilpotent if ¢ solves the KS equation, as is always the case for string
field theories [23]. The same deformation of the BRST operator 9 has also been considered
in the first quantization approach to topological B sigma model [24].

In the reference [25], the authors have found that in addition to the BRST operator 0,
S also deforms to S + [¢* ] in our notation. Here we remark the identities [pe | = [A, @A],
[ox ] = [R, oA]. They have also given the equation for this to be nilpotent:

(D'l + ¢iD'o!) 0:0,5 = 0, (4.13)

where D' = 3 g/ Dj is the covariant derivative of the Levi-Civita connection. However we
can easily show that the left hand side of (4.13) can be written as

1 -1
—(S<p+ §[<p*<p]) = —i@(3¢+ E[Wt/)]), 4.14)

which shows that (4.13) does not put any constraint on ¢ other than the KS equation. The
remaining operators of order two A and R are left unchanged under the deformation [25].
We note that from the relation between two odd brackets (3.24), it is easily seen that

S+[g0*]=>?<o(3+[900])0?k. 4.15)

The commutation relations between the Lefshetz operators and [¢e ], [¢* ] are given by
[L.lge 11 =[Lpe 1=0, [L.[ox1]=~ilpe]. (4.16)
[A,lpx 11 = [Apx 1 =0, [A,[pe 1] =ilex ], (4.17)

which shows that the Hodge-Kihler identities (2.11-2.14) are preserved under the defor-
mationd — 9+ [pe 1, S = S + [ .

We want to find a “Calabi-Yau manifold” X which realizes the identity S[@'] =
S ¢[0|@’]; it is clear that X has a close relation to the deformation of the complex structure
of X induced by the solution of the KS equation ¢. Therefore we describe the deformation
of complex structure below.

5. Deformation of Complex Structure
5.1. Classical deformation

Let ¢; € p~'(H*!) be a massless mode of the KS action, so small in magnitude that the
solution of the KS equation constructed above ¢ = },,.| ¢, converges, and X, the Calabi-
Yau manifold with the complex structure defined by ¢, that is, a local function f on X, is
holomorphic if (¢; + 2, cp%& N f =0 foralli.
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Local frames of (1,0) and (0, 1) vector fields and 1-forms on X, are given by

9 ;9 9 9
P = — o —, = — l—,—,’ .1
e o7 + Z @; P e; P + Z ¢ 57 5.1
A i 1.7 F 3.7 —j 1.
fl=dz Zcpj-,dz, f/=dz Zcpidz, (5.2)
where gb{ is the complex conjugate of golj . Their pairing is (f', ;) = 63 -3 go%gbﬁ =~ gag'o);..
If we define the matrix N = (I — ¢@)~!, then we have the identities 3, N ;‘pz =3 go’iNIf;, and

i

2 &mNy =3 gk;le, where N is the complex conjugate of N, and 8/37 = 3, Nl.j(ej - g"ol;fe,;),
d = L NI + oL f5).
We claim that a holomorphic three-form on X, is given by

2! 3!
we have only to show that d Q,, = 0, which is equivalent to

1 1
Qw=Sf1f2f3=p(l—¢+—¢/\¢——¢/\¢/\<ﬁ)- (5.3)

As Q, is a (3,0)-form on X, ,

(—3+A)(1—go+%go/\go—%go/\cp/\go)zo. (5.4)
It is easy to check (5.4) by the KS equation and the dGBV algebra relations. We also note
the volume form that it defines is i Q,, A Qpl = det(I — ¢3)iQ A Q.

The Kéhler form w is still of the type (1, 1) under the new complex structure, and given
by =i 3 gV f £

The configuration space B, for the KS gravity defined on X, can be written as

8, =P8y, By = {ﬁ = p+¢ DB e e f ~--f"'}~ (5.5)
P4
Note that {B,, },, o1 @r1) defines a vector bundle, or a bundle of super-algebras on a neigh-
borhood of [X] in the moduli space M. It would be nice to know interesting connections
on this bundle [26].
It is also convenient to make a choice of local holomorphic coordinates w* of X,
[27,28]. If we put the relations between local frames of T7°X,, and T X,, by

fl=) ALdw, (5.6)
0
;=Y BY , 5.7
¢ Z{Y: b owe 5D
then we have the matrix relation AB = N~! and
dw® = (A d7 - (A—‘go)gdzf, (5.8)
dz =B dw” + (goB_l);—,de. (5.9)

Among the consistency conditions derived from (5.8) are
(AT —a;a7h =0, (5.10)
D ATeAL = o, (5.11)
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where e; = 95 + 3 ga‘}ias is the differential operator corresponding to the vector field ej;.
Similarly, from (5.9), we obtain the consistency condition

Z B;’ej(B’l)fl = ZN,ﬁMﬁ“j—., Mk- = e (,0 + Zcpm /‘Pz . (5.12)
The Kéhler two-form w is rewritten as w = 1 g,z dw® A dw?, where
Zop = ) AB Vg &7 =) BlAa e, (5.13)
Jik Lm

from which we can compute the Christoffel symbols f“ﬁ’y for the Kahler metric g,z.

5.2. Differential operators in new complex structure

In this subsection, we compute the four differential operators introduced in 3.1.2 for the
KS gravity theory on the deformed Calabi-Yau manifold X,,, which we denote by EW
Ay, Sy, and Ry, and show that these are just reduced to 0+ [pe 1, A, S + [px ], and
R, respectively in the holomorphic limit where we make an analytic continuation of the
moduli parameters so that ¢ is set to zero while ¢ is kept fixed [5].

Let us explain the “analytic continuation” above more detail. Let M be the same man-
ifold as M with the opposite complex structure. Then we extend the moduli space to be
M x M [5,29,30] and the original moduli space is diagonally embedded as Mg,e in Fig.
1. Let (#*) be local holomorphic coordinates of M, and the point [X] € M correspond to
t = ty. By the classical deformation described in the previous subsection, [X] € M X M
with coordinates (f, fp) in Fig. 1, moves along the diagonal line to the point corresponding
to X, ;
point Xg‘l)l and the deformation from X to Xg‘l’l the holomorphic deformation.

It is easy to give the differential operators on X, in terms of the local holomorphic
coordinates w® according to the formulas (3.4-3.7). To perform the holomorphlc limit
above, however, it is necessary to change coordinates from (w® wﬂ) to (z, /).

The four differential operators acting on B, of the form (5.5) are given by

then setting ¢; = 0 we arrive at a point on the horizontal line 7 = ;. We call the

_ 0 d
3y, = N} f’( a_ NIMe,— o ) (5.14)
d '\ o 0
_ —15-1 - P s 1 T v
A, = (sdetN™h) o(azf + la/)a o(sdetN~") = f0,p! % e Y (5.15)
U a a n r 8 m 5 a
S‘Pl =8 lNL]: l(_ﬁ _‘Pkaz N M ena_ +gmngqu qkf af])
. - . 9
il l_c { mjo q n s Y
+ g Neey (T + g™ g5, Thhntl) o (5.16)
o ;0\ 0 d . d
R<P1 = og Z —— oe +gtkat‘pk— _g f =
o " P of’ of’ f’ of'
9 9
+ N2 (g*e (N + g7+ gV, + 8" 2l y#)) en (5.17)

fj
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|

[T
oM
Fig. 1. Analytic continuation of the moduli space
where ¢ = det Ne” and use of the Einstein summation convention is unavoidable.

In the holomorphic limit § — 0, e; — 6;, fj - 7]}, N -1, M,k, - 6,-90’;,.

Let us see the limit of each operators. The cases of 0, A and R are easy:

= o 0 0 0 =
k ! p _
(9Lﬁl —n (a—zl_('FQDEa—Zl—a,QD;Opa—ol —C()+[§0. ], (518)
where we have used the formula (3.20) and
_ a 0
Awﬁsloa—zia—aios:A, (5.19)
-0 0 E a 0
—o kj_© o kjym . —
R, —e’og P _61]} oe” + g Iy 0m60,- _37]} R. (5.20)
For the case of §, we have
T 0 = o0

Se — M| — -1 —

6Zk sk a”]
(5.21)

i 0 0 . 9
_oklg | _ .t — e — - nos_~
g 01( Crga + 0iOn a6, + 88" a5l o)

On the other hand we know from the formula (3.32)
o 0 0 . =0
*x1=—-g"0 0, — +T5,0.— |+ Dy 0.1 —, 522
lox 1= -87¢abi| 55 + Tha g0,) T8 D0 5 G (5:22)
and the difference between the second term of the right hand side of (5.21) and (5.22)

Di(g’_"gol’_z)HIOnB/BG,- vanishes owing to Prop. 4.1. This shows that the holomorphic limit of
Se is S +[px ]
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In conclusion, we have identified the the deformation of the differential operators ob-
served in (4.11) with the one caused by the holomorphic limit of the deformation of the
complex structure, so that we can write S[@'] = Xho [0]@].

At first sight, it may seem that for the KS action on X';,j’l we must use the deformed
trace map

hol 0
Try (@) = fx P @) A2y, (5.23)

where pio(8)) = (-1)/1I=D"2¢ . sf"". However Trg(]’l(a/) = Tr(a) for any a € B.

5.3. Deformation of states

Let us denote the deformed operators by (9)5' = & + [ge ], SX' = S + [p* ]. Then it is
easy to see that

2 hol Fyhol _ hol hol _
(a);; 0A+Ao(6)¢? =0, S¢‘]’ oR+RoS¢‘]’ =0. (5.24)
We can also show
Fyhol _ chol hol _ ,Z\hol _
(a); o Sg,‘f + SW‘]’ o (6); =0. (5.25)
To see this, we calculate the action of the left hand side of (5.25) on a € B;

@S gl@) = d(Sa +[p*al) +[p e (Sa+[p*al)l,
SO (@) = S (@a + [p e al) + [p % (Ba + [p ® al)].

The sum of the two above becomes
(@, "} (@) = [Sp el +[3p * al +[p x [p e ]l + [p o [p % all, (5.26)

where we have used the formula (3.31).
Using the KS equation of motion d¢ = —(1/2)A(¢ A ¢) and its Hodge dual form S ¢ =
—(1/2)R(¢ A ¢), we can rewrite the first two terms of the right hand side of (5.26) as

1
[R(p A p)oa] - E[A(so A ) *x al

N = N =

1 1 1
AR(p A ) N a) + ER(A((p ANp)Aa)+ ER((’D A @) AAa + §A(¢p A @) A Ra,
while the last two terms of the right hand side of (5.26) are

[px[peall=R(@ANA(@A@) -9 Ao NA@) —p ARA(@ A @) + ¢ AR(p A Aa),
[peoxall =A@ AR(@pA@)—@Ap ARx¥) — 9 ANAR(@ A @) + ¢ A A(p A Ra).
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At this point, we have
(@053} @
=A(%R(g0/\<p)/\a+go/\R(<,0/\a)—t,0/\ga/\Ra)
+R(%A(g0/\<p)/\a+go/\A((p/\a)—g0/\<p/\Aa/)
+%R((p AN@)ANAa+ ¢ AR(p A Aa)
+%A(ga/\<p) A Ra + ¢ A A(p A Ra). 5.27)

By the seven-term relation [14] which holds for operators of order two such as A or R,
and is merely the expansion of the dGBYV relation (3.17) or (3.27):

AMaABAY) =ANaAB) Ay + (Do A ABAy) + (=DFEDE A A(@ Ay)

(5.28)
—A@) ABAY = (D% AAB) Ay — (=D Ela A B A A®y),

wehave Rlp Ap Aa) = R(p Ap) Aa+2¢ AR(p Aa) — ¢ A A R(x); thus the first term of
the right hand side of (5.27) becomes

1 1

EAR(<p ANpANa)-— 5A(<p A ¢ A Ra).
Similarly, the second term of the right hand side of (5.27) becomes

1 1

ERA((,D ANpAa)-— ER(QD A ¢ A Aa),
so that their sum is

1 1
—EA(cp A ¢ ARa) — ER(cp A @ A Aa). (5.29)

Then another use of the seven-term relation (5.28) shows that (5.29) cancels out the third
and the fourth terms of (5.27).
We can define the deformed Lapacian by

O, = —@ o R—Ro (@) = M o A+ AoS™. (5.30)

@1 P1
~ hol
To see that the two operators above give the same [] ¢ » We have only to show
—[¢ @ Ra] — R[p ® a] = [¢ x Aa] + Alp *x a] (5.31)

for each a € B. However this is the special case of the formula (3.30).
Let us define a linear map f,, : 8 — Blabeled by an element ¢; € p~' (H>') as follows.
First for a € B, set @y = a, and define «,,, n > 1, recursively by

= Y Pl A o), (5.32)
k=1
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where we recall that P is the massive propagator defined in (4.8), and ¢, is the solution of
(4.5) and given by the recursion relation (4.9). Then the map f,, is simply given by

@ =) . (5.33)
n=0

Presumably, the infinite sum in (5.33) will converge for ¢; so small enough that the infinite
sum ¢ = ), ¢, COnverges.
In fact, f,, has nice properties as a map on Ker A:

Proposition 5.1. f,, maps Ker ANKerd to Ker AN Ker(9)i.

Proof. We will show by mathematical induction

o, + Z[SDk e, ] =0. (5.34)
k=1

By the induction hypothesis and the Jacobi identity (3.16), we have
52[% ® ] = Z ([5% o] — o 5an—k])
k=1 1

k=

1
=3 2 leas@lead+ Y leaslproacll

a+b+c=n a+b+c=n

=0.

It is also easy to see that [¢; ® @,—x] € ImA for each k in (5.34). Then the Ad-Lemma
implies that

Zn:hpk o a,_i] € Im(AA) C Im(d). (5.35)
k=1
Therefore
99' Gp im canil=p an[sok * @nil, (5.36)
k=1 k=1
which is equivalent to (5.34). O

Proposition 5.2. f, maps Ker ANImd to Ker AN Im())”.

Proof. In this case, ag € Ker A N Imd = Im(AA). Thus we can set ag = 9By, Bo € Im(A).
We should find a series 81, 82,3, - - . » Which satisfies the equation

f‘ﬁl(a) = ian = giﬁn + ii[‘ﬁm .ﬁn] =0,
n=0 n=0 m=1 n=0

the nth order terms of which are

@y =B+ D [k @ Brl. (5.37)
k=1
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However, it is easily verified that 8,s defined by the recursion relation

Bu=P ) (@6 APu) (5.38)
k=1
solve the equation (5.37). O

To sum up, the diagram below is commutative:

fw
KerA —— KerA
(-91 1(3)2011 (5.39)

fi
KerA —2— KerA.

We can also show that f, 0% = %of,, from #oP = —Po%, and that f,, maps p\(H) = Ker
to KerAN Ker((?))f;?1 NKerRNKerS g‘]’l.

6. Outlook

In this paper we have analyzed the equation of motion and deformations of the classical
KS gravity theory using the algebraic structure of the configuration space 8. Quantization
of the KS gravity can be performed by the Batalin-Vilkovisky formalism [31,1,32,2,5,11],
where we relax the condition on the ghost number of the field; in the action (2.30), the
field ¢ has a contribution from each sector B”? N Ker A, except for p # 3, where A~}
cannot be defined [5]. Then the massless part of the field ¢ necessarily induces a extended
deformation of the Calabi-Yau manifold [3,33,6]. It should be clear that the algebraic tools
developed in this paper are useful in the quantization problem of the KS gravity.

It would also be interesting to study the open-closed topological B-model [34] from
the point of view of the second quantization [4,35].
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