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Differential operators for elliptic genera

MAaTTHIAS R. GABERDIEL AND CHRISTOPH A. KELLER

Using the generalization of Zhu's recursion relations to N =2
superconformal field theories, we construct modular covariant dif-
ferential operators for weak Jacobi forms. We show that differen-
tial operators of this type characterize the elliptic genera of N = 2
superconformal minimal models, and sketch how they can be used
to constrain extremal N = 2 superconformal field theories.

1. Introduction

It is well known that there is a deep connection between (rational) conformal
field theory and the modular group. The origin of this relation lies in the
fact that the correlation functions of a conformal field theory on a torus can
depend only on its conformal structure, which is parametrized by elements
in the quotient space H* /SL(2,Z). Formulated as a function of the modu-
lar parameter T € H*, the correlation functions must therefore be modular
covariant, i.e., covariant under the action of SL(2,7Z).

The full torus amplitude can be expressed in terms of the chiral char-
acters of the conformal field theory; from this point of view, the modular
covariance of the correlation functions then comes from the property of these
characters to form a vector-valued modular form. The corresponding repre-
sentation of the modular group, in particular the modular S-matrix, encodes
important information about the structure of the conformal field theory; for
example, it determines the fusion rules via the Verlinde formula [1].

The mathematical argument establishing the modular covariance prop-
erties of the characters (under some weak assumptions) was given some
time ago by Zhu [2]. A key step in his argument involved the construc-
tion of a modular differential equation that annihilates all the characters
of a given conformal field theory. (Modular differential equations were first
considered from a slightly different point of view in [3, 4], see also [5, 6].)
This differential equation always comes from a null vector in the vacuum
representation [7,8]. One can also turn the logic around and construct dif-
ferential operators starting from essentially arbitrary Virasoro descendants
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of the vacuum. The resulting differential operators are automatically modu-
lar covariant; in fact, they are simply the well-known holomorphic modular
differential operators that can be obtained by suitable iterations of the oper-
ator

s d 5
(1-1) D) :(J*_RGZ(Q),

dgq
where G2(q) is the second Eisenstein series.

For N = 2 superconformal field theories, the natural generalization of
the chiral characters are the elliptic genera. These also have good modular
properties; in fact, they define vector-valued weak Jacobi forms [9]. (From a
mathematical point of view, this was recently established in [10].) For weak
Jacobi forms, however, much less is known about modular differential opera-
tors.! The purpose of this note is to construct such operators by generalizing
the above method to the N = 2 case. As we shall see, one is naturally led
to introduce “twisted” Eisenstein series [13] (see also [14]) in the process.
These twisted Eisenstein series serve the same purpose as G2 in the bosonic
example above; i.e., they cancel the anomalies introduced by the derivatives
with respect to ¢ and y. Since their transformation properties under the
modular group are much more complicated, it is far from obvious how to
combine them with derivatives to obtain the modular covariant operators.
The approach presented in this note gives a procedure that automatically
leads to modular covariant combinations of (twisted) Eisenstein series and
derivatives.

Physically, the interest in analysing the modular differential operators
comes from the proposed existence of extremal conformal field theories. A
conformal field theory cannot just contain the vacuum and its (super-)
Virasoro descendants, since the resulting partition function would not be
modular invariant. It is thus necessary to have additional primary fields,
and modularity gives an upper bound for the weight of the lowest of these
new fields. The analysis for the holomorphic [15,16], non-holomorphic [17]
and N = 2 supersymmetric [18] cases always gives a bound linear in ¢, where
the coefficient depends on the additional assumptions. Nonetheless, finding
a partition function is only a necessary condition for the existence of a con-
formal field theory, and it is not clear whether these modular functions are

! After publication of the first version of this paper, we were made aware of [11,12],
in which bilinear differential operators are constructed by generalizing the Rankin-
Cohen brackets to weak Jacobi forms. It would be interesting to understand how
this construction is related to our results. We thank Anatoly Libgober and the
referee for pointing out these references to us.
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in fact partition functions of consistent conformal field theories. One is thus
motivated to look for additional conditions that have to be satisfied. In [7,8§]
such a constraint was derived: given the characters of a putative conformal
field theory, it is always possible to construct by inspection a modular dif-
ferential equation that annihilates all of them. From the existence of this
differential equation, one can then deduce a null vector relation in the vac-
uum representation, i.e., obtain insights into some other part of the structure
of the theory. A necessary prerequisite for this approach is to have some con-
trol over the structure of the modular differential operators. The results of
this note should therefore allow one to make progress in this direction for
N = 2 theories; this is briefly sketched in Section 4.2.

The remainder of the note is organized as follows. In the following sec-
tion, we explain the structure of the recursion relations for the elliptic genus
amplitudes. In Section 3, we then find a family of differential operators that
map weak Jacobi forms of weight zero and an arbitrary index to weak Jacobi
forms of higher weight and the same index. In Section 4, we apply these dif-
ferential operators to the elliptic genera of N = 2 minimal models and to
extremal NV = 2 conformal field theories. There are a number of appendices
where some of the more technical calculations are described.

2. Recursion relations for elliptic genera

In the following, we want to derive differential equations for the elliptic
genus of an N = 2 superconformal field theory. The differential equations
can be obtained using analogous arguments as those used by Zhu [2] in
the analysis of the characters. Below, we shall summarize the relevant for-
mulae; the derivations and a summary of our conventions can be found in
Appendix A.

Let us consider the functions

(2.1) Tr% (0) = Trg (O g1y (—1)F),

where R is the (Ramond) representation over which we take the trace, Jy is
the zero mode of the U(1) current in the N = 2 superconformal algebra, F' is
the fermion number operator and O is an operator from the vertex operator
algebra that we insert. The main idea of the analysis is to derive recursion
relations for the functions Trg (O). For example, if a is an element of the
vertex operator algebra whose U(1) charge is zero, Jpa = 0, then we have
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the original formulae of Zhu for the bosonic case

e’ (o(ag-n, b)) = Tl“?éy( (ap-n,12) o(b))

(2.2) + Z Gar(q) Tr% (o(ajpg—n,1b)),

and

T} (o(aip,—mb)) = (1" Y (2k—1>

2%k>n+1 "
(2.3) x Gop(q) Trg? (o(a[%_ha_n]b)), n>1,

where only ordinary Eisenstein series Gor(gq) appear. The square bracket
modes aj_j as well as o(a) are defined in Appendix A.

A new phenomenon appears if a has U(1) charge @ # 0, i.e., if Joa =
Qa # 0: since the derivation of the recursion relations involves cycling a
through the trace, we pick up an additional factor y%, which enters the
expression. In particular, following the analysis of [13] (see also Appendix A),
one finds the recursion relation

(2.4) Tr%y o(ag—p,] ZG (q,y Tr%y( (a[k,ha]b)),
k=1

where Gk(q,y) are twisted Eisenstein series, which we will define below.
Note that this is only non-vanishing if b has charge —(@. Since we have the
relation (L[_jja)n) = —(ha +n — 1)aj,—1), we can obtain similar expressions
for lower modes

Te% (0@, b)) = (1" > (k;1>

k>n+1
(2.5) x Gr(q,y?) Tk (olajp—p,—nb)), n > 1,

which can be shown by induction. For future use we also note that by setting
b = ), we obtain Tr%y (o(a[,n}Q)) = 0 for n > h, for all operators a, charged
or uncharged.
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The twisted Eisenstein series Gk(q, y) that appear in those expressions
are defined for k > 1 by [13] (see also [14])

(27Ti)2k o |:n2k1qny1 n2k1qny:|
‘ Y
" n=1

Go(q, y) = 2¢(2k) +

(2k—1) 1—qny! 1— gy
. o7 2k+1 2k n, —1 2k n
(26) G2/€+1(Qa y) = ( ﬂ-l) | |:n 1 y,1 - nay :| )
k) = 1-q"y 1—qy
o0 n, —1 n :
A : q"y q"y 27 .
Gi(q,y) = (27 [ — ] — i,
(@9) = )nzl l—gqy™t 1-gq'y| 1-y!

As usual, we will use the identification ¢ = e*" and y = e?™%. It is

easy to see from the definitions that Gy (7, —z) = (=1)*Gi(, 2), so that
é2k+1(7', 0) = 0. Furthermore, we also recover the usual Eisenstein series for
2 =0, ng(T, 0) = Gax (7). Similar to the second Eisenstein series G, the
generalized Eisenstein series Gy, transform almost as forms of weight k, up
to anomalies. More precisely, they are invariant under 7 — 7+ 1, 2z — 2,
and under 7+ —1/7, z — z/7 they transform as

(2.7)

~ z Mmoo (_1)ym—k ~
(2m)*me(—%, ;) — }; ((ml)_k)!(zmwc:k(f, 2 mhok _(CqymE

The transformation of Gy is particularly simple

) 1 .
(2.8) G1 <——, E) = 7G1(T,2) + (27i)2.
T T
For the following, it will be convenient to define rescaled Eisenstein series
(2.9) g —;G and G, = 1 G
. 2n — (27[-1)271 2n n — (271'1)" n-

3. Modular covariant differential equations

With these preparations, we can now construct modular covariant differen-
tial operators. Let us first review how this worked in the usual bosonic case.
It has been known for some time (for a precise statement see, for exam-
ple, [2]) that the torus one-point functions in the representation #; of a
state ¢ with L eigenvalue h

(3.1) Tr, (o(¥) g™ %)
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transform as a vector-valued modular form of weight h. If we take ¥ to
be of the form u; = Lf_z 2, then we can use the recursion relation (2.2) to
rewrite (3.1) in terms of o(L[_92) o(u;—1), as well as one-point functions of
states with lower conformal dimension. We can then replace the zero mode
o(L_2)?) by the differential operator D, = qd% because

(3.2)  o(Li_yQ) g0 51 = (2mi)? (LO - i) g = (2mi)2 D, qlo—e/ %,

By induction on [, we can then write the one-point function (3.1) of ¢ = wu;

in terms of an [th-order differential operator acting on the character (see,

for example, [8]). On the other hand, since we know that (3.1) transforms

as a modular form of weight h, the resulting differential operator must be

modular covariant of weight h. In fact, this can also be checked explicitly.
For the case of the elliptic genus,

(3.3) Ter (o(v) (1) y™ g7,

the situation is more complicated because of the y”° term. In fact, under the
modular transformation 7 — —1/7, z — z/7, the one-point function (3.3) of
a state ¢ with Ly eigenvalue i can be expressed in terms of the one-point
function (3.3) associated to the state exp(2mizJjy))y [10]. The situation is
therefore only simple, provided that ¢ is annihilated by Jjyj, for which case
(3.3) transforms precisely as a weak Jacobi form of weight h and index
m = g. (For the definition of a weak Jacobi form, see Appendix B.)

Using the recursion relations from Section 2, we can convert the one-
point function of any Neveu—Schwarz N = 2 descendant of the vacuum into
a differential operator (involving now derivatives with respect to 7 and 2)
acting on the vacuum amplitude. Starting with a state that is annihilated
by Jj1j, we can thus construct modular covariant differential operators that
act on weak Jacobi forms of weight zero. Unfortunately, the analysis is sig-
nificantly more complicated than in the bosonic case, and we cannot give a
closed formula for all h. However, we can give explicit formulae for the first
few cases, and we can count how many different operators we may obtain in
this manner.

3.1. The operator of weight two

At h = 1the only N = 2 descendant of the vacuum is the state J;_;;€2, which
is not annihilated by Jjj;. The first non-trivial vector that is annihilated by
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Jj1) appears at h = 2. In fact, there are two such vectors: Jj_9€2, which leads
to a trivial differential equation, and

1

where ¢ = 5. Since My only involves the L and J modes that have Q = 0,
the old analysis of Zhu applies, and one finds after a short calculation that

1

33) T (M) = (P (D, - o

1
D}~ 5 6a(a) ) T (),

where D, = y% and m = g = g We recognize the differential operator as
the well-known (modular covariant) heat kernel operator, whose action on

a weak Jacobi form of weight k£ and index m is defined as

1
4dm

2k -1
2

(3.6) P = D, D2 + Ga(q).

(In our case, we have k = 0, since the elliptic genus on the right side of (3.5)
has weight zero.)

3.2. The operator of weight three

At h =3 there are (generically) three states that are annihilated by Jpj,
namely

Mz = J_34,
(3.7) Mo = (EL[_g] - J[_Q}J[_l}) Q,

3,,2 _ ~ 3~2 3
Mas = (‘5‘/’ Gl Gl — 3Lyl + 5% Ly +J {—H)Q'

Both M3, and Mgy are L|_y descendants, and hence give rise to trivial
differential operators, since O(L[_l]b) = 0 for any state b. On the other hand,
using the above recursion relations for M3ss (that now also involve charged
modes), one finds that the associated differential operator is

Dy = D} +3202(q) D, — 3 (Dy + Ga(a)) Dy + 38 (G1(a,9) Dy
(88)  +Ga(a,y) Dy +Gsla.p)):

Using the explicit modular transformation properties (2.7) and (2.8) of the
generalized Eisenstein series, one can check that this differential operator
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really maps a weak Jacobi form of weight zero and index m = % to one of

weight three and index m. One can also show that D3 annihilates the weak
Jacobi form ®q 1, as must be the case since there are no weak Jacobi forms
of weight/index (3,1).

3.3. The operator of weight four

The analysis at h = 4 is similar. The space of states that are annihilated by
Jj1) is seven-dimensional, but the three vectors that are L|_;; descendants
of M31, M3e and Mss, all lead to trivial differential operators. The same
is true for the state

(3.9) Mar = (o IRy = 261 oLy ) .

Of the remaining states, Mys = J[,Q}zﬁ simply leads to multiplication by
—6¢G4(q). The state

(3.10) Mg = < f_] L[ 2]J[ 1+ Ly Tz ‘][ 1]> &,

gives D( ) D( ) + (3 &— 1)Ga(q), which is the square of the heat kernel plus
a G4 term. Flnally, the state

Mas = [@=2) (G oGy + CrsmClaym) + 26 g Glaym i

(3.11)
2
+ 2Ly — 2Ly iy + 2L[_4]} Q,

leads to the differential operator
(3.12)

Dy = 2(Dq + 26,

+4g1(qa )

- 4g2(qa )
—4¢(3¢ —

—

q)) Dy + 3¢Ga(q)

G1(4,9)Dy + G(0,9) Dy + #s(a,y) — (D, + Ga(a)) D, )

(—2)Dy + Dj + &Ga(q)) — 12(¢ — 1)Gs(q, y) Dy
4(¢,).

/N

\_//—\

3.4. The general analysis

Let us denote the Neveu—-Schwarz N = 2 vacuum representation by H. It
is not difficult to determine the number of vectors in H at fixed conformal
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weight and U(1) charge that are generically annihilated by J;); they are
given by the generating function

[172s/252, ((1 +q"y)(1+ q’”y‘l))
]._[;.LOZZ(I —q")? .

To obtain a non-vanishing operator, we need to take a state with vanishing
charge. We are thus interested in the coefficients of 4°, which are given by

(3.13) 7 =

(3.14)  Z[°] =1+ 2¢%+3¢% + 7¢* + 11¢° + 23¢° + 36¢" + 67¢5 + - - - .

We have seen that not all states of a given conformal weight h lead to non-
trivial differential operators. Some vectors, for example J;_p;€2, will vanish
identically, while others will lead to Eisenstein series multiplying differen-
tial operators of lower degree. However, it is easy to see that the highest
derivatives that appear at that conformal weight are of the form:

h
I Hh—21 _
(3.15) D, D, l—O,l,...,BJ.
The vectors that give rise to these differential operators (plus correction
terms involving lower order derivatives) are the “leading vectors”

(h) _ 71 h—21[ _ h
(316) Ul = L[,Q] J[fl] Qy = 07 17 R \\2J .

They form a spanning set for the quotient space CYS = H/ Og]s (H), where

Og]s (M) is generated by the vectors?

(317)  ORP(H) =span{ L v, Ji o nth, G gy tbin 2 0},

Now, we want to show that for every conformal weight h and modulo

Og]s (#), the space of vectors that are annihilated by Jj;; has dimension LgJ

This will imply that for every h, there are L%J different modular covariant
differential operators that differ by their leading terms (3.15).

In fact, it is easy to see that the dimension of this space cannot be bigger
than 2], since the dimension of C}® at conformal weight h is | 4] + 1, and

2The space Og}s (H) does not quite agree with the usual Ojg(H) space, since it
contains also the states generated by G[lii)) /2" Thus, the resulting quotient space

CNS is also not quite the standard Co space. However, it gives a natural upper
bound for the NS-sector version of Zhu’s algebra.
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since the condition that Jj;; annihilates the vector implies that the term

J[h_ 1](2 always appears in the combination

_ 1
(3.18) M, = <L[_2} J[h_u2 — hg‘][h—1]> Q + other terms.
To see this, we choose the Poincaré-Birkhoff-Witt basis for the Verma mod-
ule, where we order the modes so that they appear in the order (L, J, G,
G™). By a direct computation, one finds

h ~ 7h—1
(319) J[]_] J[,l]Q = hc J[fl} Q.

Thus, if Mj = J[}L 1]Q + 1) is a vector in the Verma of conformal weight h

that is annihilated by Jj), then Jy ¢ = —héJ[h:l]lQ. Without loss of gener-
ality, we may assume that v does not involve a term proportional to J[h_ I]Q.
Given that ¢ has conformal dimension h and U(1) charge zero, it is then of
the form

Y =aLi g J i+ b I IGE Gy Q)
(3.20) + terms with less than (h — 1) modes.

Each time we apply a commutator, the number of modes is reduced by at
least one. Thus, it follows that

Tt = a1+ a(h — 2)eL_o T 3+ b(h — 3)eT G 4 1y GT 4/

(1] (1] (1] 7 [=3/2]7[=3/2]

+ bJ[h__I? <2L[72} + J[,2]>Q + terms with less than (h — 2) modes

(3.21) = aJ[h:l]lQ + terms with less than (h — 1) modes.
In order for My, = J[h_ 1]Q + ¢ to be annihilated by Jj), it therefore follows
that a = —hé. This demonstrates (3.18).

In order to prove that the space is at least as big as claimed, we note
from our previous explicit calculations that at conformal weights h = 2, 3,4
there are vectors that are annihilated by Jjj, and whose leading terms are

1
(3.22) Mz = (Lig = 5= 22
L3 NS
(3.23) Mg = (L[_Q} J[_l} ~ 3 J[_1]>Q + 0[2} ,

(3.24) My =L} Q4O
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One also finds that at h = 5, there is a vector My that is annihilated by
J1), and that is of the form

1
3 5 NS
(325) M5 = (L[_Q]J[_l] — 756<][_1])Q + 0[2} .

It is easy to see (by the same arguments as for the usual Cy space) that the
C’gs quotient space is a commutative algebra, where the product is defined
by Vi_p)()x, with h the conformal weight of 9. Furthermore, if 1) and x
are annihilated by Jpj, so is their product V|_j () x. Thus, we can generate
states that are annihilated by Jj;; by taking successive products of low-lying
states. It only remains to check that the states we generate are sufficient in
number to prove the above claim. Using the commutative algebra structure
on C’gs, this is then effectively a problem in a polynomial algebra. Let us
define the generators of O

/1
(3.26) T = L[,Q]Q, Yy = %J[,l]ﬂ,

where y has weight one and = has weight two. Then My, M3, My and M5
correspond to the generators
(3.27)

2

2
P2:(~’C*?/2)a P3=y<$3yz)v P4=9€2, p5=y3<ﬂf5y2>,

respectively. It is easy to see that pg, paps and pg generate at h =6

1
Let us first consider the case when h is even, h = 2n, and use induction
on n. For h = 2 the statement is obviously true. Suppose fi,..., f, are n

linearly independent polynomials of weight 2n. At weight h = 2n + 2, we
then consider the polynomials
n+1

(3.29) p2-fiy j=1,...,n, and p,* if n is odd,

p2-fj, j=1,...,n, and 176-11)4T if n is even.

Obviously, the polynomials ps - f; are linearly independent in each case. By
setting o = y2, they all vanish, but neither does ps nor pg. Thus, the last
element in each case is linearly independent of the first n elements, and we
have therefore found % =n + 1 linearly independent polynomials.
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For odd h the argument is essentially the same. In constructing the
polynomials at h = 2n + 1 from those at 2n — 1, we add either p3 - p}* with
m = 271 (if n is odd) or ps - pi* with m = 252 (if n is even). This completes
the proof.

4. Applications

Finally, let us discuss some applications of these general considerations.

4.1. Modular differential equations of minimal models

For the case N = 2 minimal models, one expects that differential operators
of the kind discussed above should be the building blocks for the modular
differential equation that characterizes all elliptic genera. Recall that the
central charge of the kth minimal model is given by

(4.1) c=——.

The elliptic genera of these models were determined in [9,19]. Let us first con-
sider the case k = 1 for which ¢ = 1, so that ¢ = % and m = %. In this case,
the vector N = Mj given in (3.4) is actually a null vector. This means that

the corresponding differential operator must annihilate the elliptic genera

(42 (D= 304~ 36:0)) xnla) =0

A second null vector of the theory can be obtained by applying Gf_l /2]G[+_1 /9]
to NV, leading to
(4.3)

N = (3G~

a9 Gll gy — 2L1-8) + 6LgpJi 1) — 391 — 4Jj_g)

Note that this is a linear combination of Mgy, Mgs and Mss, as well as
Ji_yN. Tt leads to the differential equation
(4.4)

((Dq +G2(q)) Dy — G1(q,y)Dg — Go(q,y) Dy — %Qg(q,y)) x=(q,y) = 0.
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The k£ = 1 minimal model has three elliptic genera,

g, y) =y~ Y0 4 (y=1/0 — 5/0)g 4 (—y~T/6 42y~ U6 _ 562 4
(4.5)

(g y) = —y M0 4 (—y M6 =50V 4 (y7/0 — 216 4y IOY2 4

X3(a,y) = (—y 2+ y g P+ (—y7 V2 4y ) B

It is straightforward to check that these are indeed annihilated by the two
differential equations.

Conversely, one can also show that (4.5) are the only solutions of (4.2)
and (4.4). Since all differential operators only contain integer powers of y
and ¢, by linearity we can assume without loss of generality that a solution
X(¢>y) contains only terms of the form yQtZgh+No wwhere h is the lowest
power of ¢ that appears and Q is the lowest power of y in a term with ¢".
The power series ansatz for x(q,y) is thus

(4.6) x(a.y) =q yQZ W+ O™, e(0) #0.

Since the differential operators never decrease the power of ¢, the terms we
have written out explicitly in (4.6) must be annihilated by the differential
operators up to terms of order O(¢"*1). Acting with (4.2), we thus obtain

3, 1
while (4.4) leads to
(4.8) h(1+2Q) = 0.

Note that there is a slight subtlety in deriving the second equation because
G contains the term (1 — y)~'. However, since the elliptic genus is an index,
we know that x(q,y) must vanish for y = 1 unless h = 0. This means that
either D, vanishes or that we can factor out (1 — y), so that the action of
,C’;l is indeed well defined.

The two equations (4.7) and (4.8) must be satisﬁed simultaneously, and
their only solutions are (h =0,Q = i%) and (h = 3, Q= —7) This shows
that there are at most three solutions of the form (4.6), and thus, given the
existence of the explicit solutions x%; and x3, precisely three such solutions.

The analysis for a general minimal N = 2 model is similar. The kth
minimal model has an uncharged null vector N} at level &+ 1, and the
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powers of ¢ these will again give two polynomial equations for A and @,
whose leading terms have weight k£ + 1 and k + 2, respectively. (Here we
associate weight one to @ and weight two to h.) To find the number of
joint solutions, first substitute h = H?, so that H and @ have both weight
one. In addition, we introduce an auxiliary variable z of weight one and
multiply the different terms so as to obtain homogeneous polynomials of
degree k£ + 1 and k + 2, respectively. These equations can now be thought
of as equations in projective space P2, and Bézout’s theorem then implies
that there are (k + 1)(k + 2) solutions, taking into account multiplicities.?
Since they obviously come in pairs of (Q, £H), it follows that there are at
most (k+ 1)(k + 2)/2 solutions for (Q,h). This is exactly the number of
independent elliptic genera of the kth minimal model.

non-trivial descendant G[_ 1/9] G[Jr_1 /Q}Nk at level k 4+ 2. Acting on the lowest

4.2. Modular constraints for extremal self-dual theories

Modular differential equations gave an interesting constraint for extremal
(bosonic) conformal field theories [7,8]. Given our insight into the structure
of differential operators for weak Jacobi forms, we can now apply similar
techniques to the NV = 2 case. To start with we recall that the space of weak
Jacobi forms of even weight w and index m, jm,w, is spanned by monomials
of the form (see Appendix B)

(4.9) (9—2,1)" (d0,1)° G5 G,

where a + b = m and 4c + 6d — 2a = w. The number of solutions to the sec-
ond equation is the number of modular forms of weight w’ = w + 2a, which
is proportional to

/

(4.10) Nw') = % + subleading.

Thus the total dimension is, for large m, of the form

m2 wm

(4.11) dim jmw =1 + 17 + subleading.

3We are assuming here that the two polynomials do not contain a common factor.
This should follow from the fact that Zhu’s algebra is finite-dimensional for the
minimal models, compare the discussion in [20].
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Suppose now that we are given a self-dual N = 2 superconformal field theory
at ¢ = 6m. Its elliptic genus defines a weak Jacobi form of weight zero and
index m. We want to construct a modular differential equation of weight w
that annihilates it. As we have seen, there are L%J differential operators of
order w’. Dressing them with an ordinary modular form of weight w — w’,
the total number of differential operators of degree that we can construct in
this manner is, for large w,

w’u}
Z:?

w' 3

(4.12) % + subleading,

1\3 \

where the factor % corrects for the fact that there are no modular forms of
odd weight. If we apply any such differential operator to the elliptic genus
of our given N = 2 superconformal field theory at ¢ = 6m, we obtain a weak
Jacobi form of weight w and index m. Since there are at most dim(Jy, )
linearly independent weak Jacobi forms of this weight and index, we can
always choose a suitable linear combination of the differential operators to
annihilate the elliptic genus if

3 2

w m wm
4.13 — > — 4 —

( ) 288 ~ 12 + 127
e., if w > w, with

(4.14) wy =245 ms = (%)i cs

Following the logic of the arguments of [7,8], this would then suggest that the
self-dual N = 2 superconformal field theory has a null vector at conformal
weight w,. Since the superconformal descendants of the vacuum do not have
any null vectors for ¢ > 3, this would thus imply that the theory has to have
additional primary fields at conformal weight h ~ ws,.

Note that we could also ignore the N = 2 supersymmetry of the problem
and treat the theory from a bosonic point of view. With respect to the
bosonic generators, the theory is not self-dual, and the original counting
argument needs to be modified slightly; however, this will still lead to a
differential equation of weight w, ~ v/2¢, which is stronger than (4.14). On
the other hand, one may hope that the more refined N = 2 analysis from
above will help us to fill the gap in the argument of [8], and thus prove a
no-go theorem in this case.
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Appendix A. Conventions and recursion relations
A.1. Conventions

Let us begin by collecting our conventions. The vertex operator of a state a
is given by

(A.1) V(a,w) = Z ap w "N

Note that we use a different convention than [2] — in particular, a,, = a(h +
n — 1). It is sometimes convenient to introduce a special symbol for the zero
mode as

(A.2) o(a) = ay.

The modes that are appropriate for the analysis on the torus are defined by
(see Section 4.2 of [2])

(A3 Viaz = V(e ™ -1) =) e

n

The different modes are related to one another via

(A.4) A = (2m) PN " (g, j + B — 1,m + b = 1)ay,
jzm

where

(A.5) (log(1+ 2)"(1+ 2)" 1 =" c(ha, j,m)2.

j=>m
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This defines a new vertex operator algebra with an energy tensor whose
modes Ly, are given by

N—n . 9 C
(A.6) Ly, = (27i) j;lc(z jon+ 1)L — (27r1)2ﬂ(5n7_2.

The second term on the right-hand side comes from the fact that L is only
quasiprimary, and thus picks up an anomaly under the coordinate trans-
formation (A.3). Note that compared to (A.4) we have chosen a slightly
different overall normalization so as to obtain the standard commutation
relations for the modes Lj,. To maintain the standard N = 2 commutation
relations, we also choose an analogous normalization for the J, and Gi],
i.e., without the prefactor (2mi)~"+. With these conventions their commuta-

tion relations are

L G| = (Bm=n) G
[J[m]’ ‘][TL]] = 67715771,—717
+ | _ +
[J[m},G[nJ = £GE
{GM G[?q} = 2L + (M — 1)) + (M = 3)0m,—n,
+ + 1 _ - -\ _
{6l Gt = {Giy G} = 0.
as well as
(A.7) O(J{_HQ) = (271)Jp.

A.2. Recursion relations

Zhu’s original argument [2] was generalized to superalgebras in [13]. We will
adapt it in the following N = 2 case to extract the recursion relation (2.4)
we shall need.



610 Matthias R. Gaberdiel and Christoph A. Keller

We define the elliptic genus amplitude by

Gr((a! 1), (@™ )i, y)

(A.8) = th TrR( (a',z1) - V(@™ z) g™y (—1)F>,

where h; is the conformal weight of the state a’ (with respect to Lg) and
R is the (irreducible) Ramond sector representation in which the trace is
being taken.

There are two key identities from which the recursion relations can be
deduced. The first identity is

Gr((a,w), (@', 21), (@ 22), .. (a" 20): .

[ 5 P (20

7j=1 meN,

(A.9)

M:

X G’R(((Ll, Zl)u (a27 22)7 ey (a’[mfh,,,+1]aja Zj)? ceey (anv Zn)7 Q7y)] .

Here a is a state with non-vanishing U(1)-charge, Joa = Qa # 0, and the
function 751: (qu, q,y) is defined in Appendix C. It is meromorphic in ¢, and
has a pole at ¢, = 1. The =+ sign in (A.9) depends in the obvious manner
on whether a and the other fields a’ are fermionic or bosonic; in particular,
if a is bosonic, there is no minus sign. It should also be clear that (up to the
obvious =+ signs) the elliptic genus is independent of the order in which the
fields appear.

The proof of (A.9) is a straightforward extension of the original argument
due to Zhu [2] (see also the proof of Theorem 3.6 in [13]). The basic idea is to
expand the vertex operator (a,w) in terms of modes as in (A.1). Each mode
is then commuted (or anti-commuted) through the trace until it returns to
its place; since it picks up a non-trivial factor upon going through y” and
qLO, we can solve for it in terms of the commutators and anti-commutators;
this leads to the recursion relation (A.9).
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The second key identity is
Gr ((a[—ha]a'la zl)v (aza 22)7 SRR (an’ Zn); q, y)

=3 Gila.y?) Gr((ap-na's 1), (@ 22), o (0" 20)i 0, y)
1

k=
(A.10)
j{: Pt < 05 Y >
7=2 meN,
X GT\’,((ala 21)7 (a27 22)7 ceey (a[mfh(fl»l]aja Zj)v ey (ana Zn); q, y)a

where G’k(q, y) is the generalized Eisenstein series defined in Appendix C.
Since the proof in [13] is rather sketchy, we will spell it out in more detail.
First note that a[,ha]al is not homogeneous with respect to Lg. In order to
insert it, nevertheless, into the elliptic genus, we extend the definition of
(A.8) by linearity. We expand the first argument of Gz in (A.10) to get

(aj—nja’s21) = Y ci(@in, 10" 21)

i>—1

= Z ciResy—z, (0w — 21)'V (V(a,w — z1)a’, 1)
i>—1

= Z ciResy o, (w — 21)'V(a,w) V(at, z1) ,
i>—1

where we have defined ¢; = ¢(hg, i, —1). Taking into account the additional
factors of z; and w that come from the definition (A.8) of Gg, we obtain
the sum

~1
i ho—1—i, —h, _  — w
(A.11) Z ¢i (W — z1) e e = g1 (log <21>> .

1>—1

We now apply (A.9) to our expression, obtaining terms of the form

Gr((@'s21)s o (non a0y %) (@7 2050,

-1
-1 w 5 Zi @
(A.12) ></Cw <log <Z1)> Pm-‘,—l(ﬂ)vay >dw,

where the contour C' is around z.



612 Matthias R. Gaberdiel and Christoph A. Keller

Forj #1, 75m+1 (%’, q, yQ) isregular at w = 21, so that we obtain directly
the last two lines of (A.10). For j = 1, however, 75m+1(%,q,yQ) has a pole
at w = z;. We perform the change of variable w = z1 exp(—2wiw’), which
yields Resy Poy1(e>™, ¢, y?). Using expansion (C.32) then gives the first
term of (A.10).

The recursion relation (2.4) then follows directly from (A.10) by com-
paring the 29 coefficient for n = 1.

Appendix B. Weak Jacobi forms

A weak Jacobi form [21] of weight k£ and index m is a function f(7,z) on
H, x C satisfying the transformation property

(B.13)

f <Z77_-_—:__2, c7‘j—d> = (CT+d)ke%f(T, z), ( CCL Z ) € SL(2,72),
and
(B.14) f(r, 2417 + 8) = MmO TH22) £ ),

with r, s € Z. Moreover, it must have a Fourier expansion of the form
o0

(B.15) frz) =) cnq"y,
n=0 l€Z

where as usual

(B16) q= e27ri7" Y= eQwiz.

The space of all weak Jacobi forms is generated by the two Eisenstein series
G4(q) and Gg(q) (which are conventional modular forms of weight 4 and 6,
respectively) and the two weak Jacobi forms

(B.17) b 91 = ‘75271’ do = ¢Z,1,
where A = quLozl(l — qﬂ)24 and
(B.18) 2
= ! 1 (GiGan  GeGe,a
$101 = 576 C(4)C(6) (G6Ga1 — GaGe 1), ¢121= 76 < ROL ROE >

Here ((2k) is the Riemann zeta function and G4,1 and Gg 1 are Jacobi forms
defined in [21]. On general grounds, one can show that the elliptic genus of
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an N = 2 conformal field theory of central charge c is a weak Jacobi form
of weight 0 and index m = £

<.
Appendix C. Twisted Eisenstein series

C.1. Ordinary Eisenstein series

The ordinary Eisenstein series are defined by

1
1 -y — >
(C 9) GQk(T) (mT + n)gk k=2,
(m,n)#(0,0)
(C.20) Colr) = + DD PE—
‘ 2T = (mr+n)?
meZ—{0} n€Z

They can also be written as

2(27T1>2k > nZkflqn
k1)

(C.21) Gop(7) = 2¢(2k) + s

!
n=

For k > 2, Gi(7) is a modular form of weight 2k, i.e.,

at +b
(C.22) ng <C77_—+ d) = (CT + d)QkGQk(T),

whereas G(7) transforms as

(C.23) Go <Z77_-1—2> = (e1 + d)2Gy(1) — 2mic(er + d).

C.2. Twisted Eisenstein series

For |¢| < |qw| < 1 and y # 1 define

~ 27i)m o0 nm—lqn -1 mnm—lq—nqny
Pm(qw7Q7y) = (in—)l)‘ ( “ + ( ) .
' 1

(C.24) + 1m
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Note that 75m is a special case of the twisted Weierstrass function P, intro-
duced in [13,14]. More precisely,

(C.25) PG 0,y) = (—271) Py, { y? ] (w,7).

Pl qu, ¢, y) converges for |q| < |qu| < 1, and

~

0 - . d .
(C26) %Pm(wa q, y) = QWIqMH,Pm(wv q, y) = umJrl(wv q, y)

Py (quw, q,y) has a simple pole at g, = 1, as can be seen by rewriting
(C.27)
27

277 0 n, n,—1 —-nn
Comins mﬁl +2ﬂiz<qwq yi1 g y>
1= qu L—y —\l—=q"y L —q"y

P1(qws ¢, y) =

where the sum is seen to be convergent for |q| < |q,| < |g|~!. Choose g, so
that 1 < |gw| < |g|~!. The series then converges for both ¢, and g, and a
straightforward calculation shows the identity

(C.28) P1(94w,4:9) = y P1(qws ¢, Y).
Writing ¢, = ™, we expand (C.27) in w. The last term gives
& k. n,—1 k. n
Lo ok 4"y (=n)"q"y k
(C.29) 27T1nZ1 k'(Qm) <1 B S X w",

whereas the first term is

1 (e e]
(C.30) E " miw) w—|—7r1+ E ¢(2n) x w

n=1

Here, we have used

T >, B,
31 — n

where the Bernoulli numbers B, are given by By =1, B} = 2, and for
n > 1, Bayt1 = 0 and Ba, = (—1)""12(2n)!(27)~ 2"((271) In total, we thus
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obtain

1. = . _
(C.32) Pi(w,q,y) = —— +Gi(q,9) + ;Gk(q,y)wk L

where we have introduced the twisted Eisenstein series Gy (¢,y) defined in
(2.6). We can then use identity (C.26) to extract the poles of P,.

C.3. Transformation properties of the twisted Eisenstein series

In order to determine the modular behaviour of é’k, it is sufficient to con-
sider the actions 7 — 7+ 1,z — z and 7 — —1/7, z — z/7. G}, is obviously
invariant under the first, while under the second we claim that the transfor-
mation is

(C.33)

A z mo(_1)ym—Fk . Lm

Note that this is very similar to the transformation properties of Ga(r): it
transforms almost as a form of weight m and index 0, but has additional
anomalous terms. To prove (C.33), let us assume for the moment that G
transforms as

(C.34) e (—1, Z) — 2Gi(r ) + (2.

T T

We can then prove (C.33) by recurrence using

d . 1.0 -
(C.35) 5, Cmi(7:2) = = —2mio— G (7, 2).
Introducing variables 7 = —1/7, Z = z/7 and using
(036) 87: = 7—267' + TZ@Z) 82 = Tazv
we obtain

A 1 1 - 1
(C37) 0. <—, ) = Loni(ro, + 20.)Gm (—, ) |
T T m T T

A straightforward calculation shows that this is equal to 9, of the right-
hand side of (C.33) for m + 1. We have thus shown that (C.33) holds up
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to some function f(7). To see that f =0, consider the limit z — 0. Since
Gar(7,0) = Goy(7), the known transformation properties of the ordinary
Eisenstein series fix f =0 for the even case. In the odd case the same is
true since ng+1(7', 0) = 0. The only somewhat subtle case occurs for Go.
In this case lim,_.g Zél(T, z) = 1 produces the desired modular anomaly so
that again f = 0.

Let us briefly sketch how to prove (C.34). One can show that G can be
rewritten as

A 2z 2z 1
(C.38) GI(T’Z>:_ZZSnk_Zm_Zm+;’
n>0 k>0 n>0 k>0

where

2z n 2z
(k+n7)2—22  (—k+n7)2—22

(C.39) Spre =

Taking 7 — —1/7, z — z/7, the last three terms of (C.38) transform to 7
times themselves. The first sum transforms as

(0.40) ZZS”]C'_)TZZS]C":TZZS”’“

n>0 k>0 n>0 k>0 k>0n>0

which is formally 7 times the original expression. Since the series is not
absolutely convergent however, the order of summation matters. By using
standard methods (see, e.g., [22]), one can show that exchanging the sum-
mation order produces exactly the modular anomaly of (C.34).

Another possibility is to derive (C.33) directly from the transformation
properties of the twisted Weierstrass functions [13].
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