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Abstract

We study the BPS counting functions (free energies) of the M-string configurations. We consider separated
Mb5-branes along with M2-branes stretched between them, with M5-branes acting as domain walls inter-
polating different configurations of M2-branes. We find recursive structure in the free energies of these
configurations. The M-string degrees of freedom on the domain walls are interpreted in terms of a pair
of interacting supersymmetric WZW models. We also compute the elliptic genus of the M-string in a toy
model of the ABJM theory and compare it with the M-theory computation.

Keywords: open topological string wave function, gauged
WZW models, domain walls
DOI: 10.31526/LHEP.2021.202

1. DOMAIN WALLS IN M-THEORY:
AN INTRODUCTION

The study of classification and dynamics of the 6d Supersym-
metric CFTs (SCFTs) is one of the important problems that is
currently an active area of research. The maximally supersym-
metric 6d CFTs are called (2,0) theories. The type IIB string the-
ory in the background of A-type gives rise to (2,0) A-type the-
ory. In the M-theory formulation, the (2,0) Ay_1 theory is the
worldvolume theory of N parallel and coincident M5-branes.
Away from the conformal point, the CFT describes the dynam-
ics of the self-dual strings of small tensions. In the M-theory,
these strings are described by the one-dimensional intersec-
tions of M5-branes and M2-branes. The strings support (4,0)
quiver gauge theory. One crucial result of [1, 2, 3, 4, 5] is that
the elliptic genus of this quiver gauge theory turns out to be
equal to the partition function of the bulk theory.

The superconformal group of the theory is Osp(2,6[4).
Let’s denote the 11d space-time R“!? by the coordinates
xi,i = 0,1,...,10. The coincident M5-branes span the coordi-
nates {xO, xl, ., x0 }. In the nonconformal limit, the M5-branes
are separated along the x® direction with positions denoted
by a;,i = 1,2,..,N. The M2-branes are suspended between
consecutive M5-branes and span the coordinates {xo,xl,xé}.
The M2-brane couples to a 2-from field B inside the M5-brane
worldvolume, and the boundary of the M2-brane is what is
called the M-string. If we denote by T' the 32 x 32 11d gamma
matrices, then the supersymmetries preserved by the M-string
are given by

[0l6g — ¢ U245, _ . [0l _ o 1)
where € is the 32-component spinor and T172+f = ThTh Tk,

It is interesting to compact x! to a circle of radius Ry and
consider M-theory compactification on this circle. This gives
rise to N = 2* SYM in the transverse five dimensions. The
gauge coupling constant is given by g%M = 47Ry. The mo-
mentum around the S! defines a quantum number of the 5d

BPS particles R% = — Sgi [ d*xtr(F A F) and with the corre-
YM

sponding mass M = Rq6;; + R%, where §;; denotes the sep-
aration between i-th and j-th M5-branes. Moreover, the mass

deformation also breaks the string worldsheet supersymmetry
(4,4) to (4,0).

A further compactification of the theory can be considered
along the compactified direction x*. This makes the world-
volume of the M5-branes to be R* x T2. Twisting the theory
as one moves around the second S! defines the so-called Q-
background which makes it possible to apply the equivariant
localisation to compute the partition function. To engineer 5d
N = 1* SU(N) gauge theory, one has to compact M-theory on
the elliptic CY3-fold Ay_1 X T2. The instantons in the 4d the-
ogy are none other than the M-strings wrapped on the whole of
T“.

Recall that the symmetry U(1)e, x U(2)e, x U(1)y acts
on the two R%*s defined by the coordinates ]Rﬁ Tz =

Xy + ix3,z0 = X4 + ix5 and IR‘i T z3 = X7 +ixg,zg =
X9 + ixjg as follows: (z1,z2) — (qz1,t7'z2),(23,24) —

(\/%em'(Zm)ZS’ \/gem'(—Zm)ZAl) where q = e27ri€1,t .— e—27riezl
The toric geometry, dual to the type IIB D5-NS5-(1,1) branes
web, underlying the M-string computation is given in Figure 2.
The diagonal edges correspond to the mass parameter m, the
horizontal direction is periodic with period 7, and Q is the fu-
gacity corresponding to the internal vertical lines.

The target space of the gauged linear sigma model on the
worldsheet of M-string is the singular space Sym"IR*/S" de-
scribed as the configuration space of 1 points on R* modded
by the permutation group S;. The singularity is due to the coin-
cidence of multiple points, and resolving this singularity gives
rise to the Hilbert scheme of 1 points on C2. So instead of deal-
ing with the ill-defined sigma model on Sym”IR4/ S", one can
work with a (4,0) sigma model on the M = Hilb"(C?) [1]. The
matter content of the theory is given by the sections of different
bundles on the instanton moduli space. In the current situation,
we have tangent bundle T, and the complex tautological bun-
dle E. The bundle E corresponds to the contribution of funda-
mental hypermultiplet in the gauge theory instanton compu-
tation. In this theory, the left-handed fermions are the sections
of tangent bundle T, whereas the right-handed fermions are
the sections of E @ E*. The combination E @ E*, corresponding
to the two hypermultiplets, signifies the fact that in the toric
geometry P! of the second hypermultplet is flopped [1].

The M-string worldsheet theory defines the target space
Hilb"(C?).

The coupling of the left moving fermions and right mov-
ing fermions to different bundles correspond to the different
boundary conditions around the 1-cycles of T?> when comput-
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FIGURE 1: M-theory vacuum.
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N

FIGURE 2: Horizontally compactified toric web with corre-
sponding fugacities Q; = €2t 0, = 2" and Q.

ing the elliptic genus. Thg (2,2) _sigma model contains bosons
¢' and the fermions ¢’ , ¢’ , 1/JfF 1/;@. Locally, the bosons describe
amap & : world — sheet — M. If we denote by K the bundle
of (1,0)-forms and by K the bundle of (0,1) forms, then the
fermions are defined by the following pullback maps:
Y =K @@ Ty,

P = K2 @@ Ty,

Y = K2 @® Ty, o

¥ = K20 Ty,
If right moving fermions 7, are also included, the supersym-
metry gets broken to (2,0), and we define

7" = K2 @ ®*(E® E*). 3)

In mathematical terms, the elliptic genus is defined by the
index of the following formal combination of vector bundles
Vo, y [1,4]:

VQT/Qm ®/\ leE@E ®®/\ Q Qk(E@E)
k=1
)
®®SQ"TM®®SQ’<TM/

k=1

where AW = Yjoo(AW)xK and S, W = Yo (SKW)xk are
formal power series. They define the exterior powers and the
symmetric powers of a bundle W as coefficients. The partition
function Z of the M-string configuration is the generating func-
tion of the elliptic genus x(M, Vg_ )

Z =Y Qx(M, Vg, k)

k>0
-y /M ch((E@ E*)g.,)Td(Ta) 5
k>0
4 1 4 01 (t; —m+ 2 )
- QmQ) / eZizli xi—%;) ZTU i
g’) 11_[ 1(T5 5757)

where M = Hilb"[C?], &; and x; denote the formal roots of the
Chern polynomial of the bundles E & E* and T M, respectively,
ch(V) is the Chern character of the bundle V, Td(T) is the Todd
class of the tangent bundle, and in the second equality of the
last expression, we have used the identity

Ch(VQT,Qm )Td (TM )

HHI

k=1 H] 1X ]

Qk’lmef’f")(l - QkQ,le%) ()
11— Q¥ Tem) (1 — Qke)

along with the following definition of Dedekind theta function
91 (T)I
0, (T' Z) — _je'T iz H 27'UkT e2rrikre2rciz)

> (1 _ eZm(k—l)re—ZmZ),

01(t+1;2) = 64(t;2),

Recall that V = E @ E* is a bundle on Hilb¥[C2]. If an ideal

I denotes a point of Hilb*[C2], then the fiber of the bundle V
over I was found to be [1]

V| =Ext'(O,))® Lz @ Ext' (,0) ® L™z, ®)
where L is the canonical line bundle on C2. It has been shown
that the appearance of the Ext-groups is related [6] to the count-
ing of open string states between the D-branes wrapped on
the holomorphic submanifolds. By determining the equivari-
ant weights of the bundle V, the M-string partition function is
determined. Intuitively, each M5-brane with M2-branes ending
on the left and right gives rise to a factor Ext!(I,]) ® L™2 in the
bundle, where I denotes a point of Hilb"[C?] corresponding to
the M2-brane on the left and ] denotes a point of Hilb™ [C?] cor-
responding to the M2-brane on the right.

For general moduli space My, . = Hilb"[C?] x
Hilb®[C2] x ... x Hilb"¥-1[C?], the fiber of the corresponding
bundle V over (Iy, .., In_1) € My, k., is given by

_ 1
4N (@) Bxt' (I, I, 1) ® L7 2). ©)

The fixed points are in one-to-one correspondence with the set
of partitions (vq,...,vn_1), and the equivariant weights of V
over the fixed point are

{Qua 2872 |(i,j) € )} U{Qug™ 27772 (i,j) € vy_1}
(Uii‘f {Qug ™I 1| (1, ) € v}
U {quivéﬂ’fﬂ;% tiv””vﬂ;% |(l/]) € Va+l}) .
(10)

Using these weights at the fixed points, the partition function
turns out to be
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ZN(T, m, tf]/ tfz' th,€1,€2)

N-—
= ) H (—Qp)Mh)

ki ko, kn-1 a=1 [vi|=k,... |vn-1]=kn-1 (11)
H ;1 )Gl(T; U?j)
1< BN G

a=1 (i,j)ev,
where

a ¢ 1 o1
zjj=—m+e(—v_q;+i— E) —ex(—vi+j— 5)’

a ¢ 1 1
vij=—m+er(Va,;— z+2) 2(1/,“7]+§),

) , (12)

wl; = e1(vg;—i) —€avgi —j+1),

Mf,j — 61(71/1;]' +i— 1) — 52(*1/51,1' +j)'

Vo = 0, UN = 0,

and Qy, 1= Qa = it g =1,..,N — 1, are the fugacities in
terms of the coulomb branch parameters f;, that determine the
distance between consecutive M5-branes. From the expression
(11), we can isolate the following part:

N-1 01(7;2{ )01 (T; 07 ;)
Ly Kooy 1 = ) IT II 7 :
1Kz kN1 61 (T wf )01 (s uf;)’

[v1|=k1,..[vn—1]|=kn-1 a=1 (i,j) €V,
(13)

which can be interpreted [7] as the partition function of the fol-
lowing configuration of the wrapped M2-branes: k; M2-branes
between the 1st and 2nd M5-branes, k, M2-branes between the
2nd and 3rd M5-branes, and so on up to ky_; M2-branes be-
tween the (N — 2)-th and (N — 1)-th M5-branes.

After stripping off the gauge theory U(1) part NPLogZ,
from the free energy

Qn(T,m, tf,, €1,€) =
= NPLogZ; + PLogZy,

PLogZn(T,m, tf,€1,€
gZn ( £,/ €1,€2) 14)

one can expand the remaining free energy Q(T, m,ts, €1, €)=
PLogZy in terms of the fugacities Qy, as follows:

Q(t,m, tr,€1,€) = PLogZy
k
= Z Q ~Qp Bk (T, €1, €2),
(15)

where the multi-index function Fy, ¢, . , (T,m,€1,€2) counts
the degeneracies of the M-strings bound states.

Presentation of the Article

After briefly introducing the M-strings and the correspond-
ing elliptic genus of its worksheet theory in Section 2, we dis-
cuss recursive structure in the expressions for free energies
corresponding to various configurations of the M2-M5 branes.
A general configuration consists of an array of multiple M2-
branes sandwiched between M5-branes. The M2-brane vacua
are labeled by the tuple of integer partitions that correspond

to the Young diagrams transforming in different representa-
tions. We discuss M2-M5 brane configurations in which the M2-
branes are labeled by antisymmetric representations and sym-
metric representations. For these representations, the free ener-
gies enjoy a partial recursive structure. For mixed! representa-
tions, the recursive structure is lost except for the configuration
shown in Section 3. In Section 3, it is discussed that the open
topological string wave function for the configuration M2-M5-
M2 of branes can be described in terms of two WZW models
coupled together. In Section 4, we compute the elliptic genus
for the M-strings that arise in the ABJM model. We compare
it to the M-string elliptic genus as computed in the M-theory
framework.

2. RECURSIVE STRUCTURE IN THE
M-STRING PARTITION FUNCTION

For the M-string configuration in which a single M2-brane
is stretched between consecutive M5-branes, the free energies
show interesting recursive structure [4]. For more complicated
configurations, the recursive structure is not apparent in the ex-
pression for free energies, and the correct objects to decompose
are the components Z,,,, y,. In doing the following computa-
tions, we will often use the following symmetry of the elliptic
genera indices {1, ..., in, D1, D2, .., D }:

Z

permutation{ py,...pn 21,22, lm} = Zpt1,...,yn,®1,®2,...,®mr (16)

where @; = ®j for all 7, j, m can be less than, equal to, or greater
than n and permutation denotes any possible permutation of the
given indices.

For the configuration of partitions {«, «, «, ..., a},

Zyx.« = all possible ways of factorizing + ZaW§k71), (17)

where W, can be thought of as a universal factor correspond-
ing to removing a single M5-brane. The meaning of the phrase
“all possible ways of factorizing” is the following: we will see ex-
plicitly in the next section that there is a recursive structure in

the expansion coefficients Z,,,, ., of the elliptic genera; for ex-
ample,

Zom — 27007000 + Zapp = ZoooWa (T, m,€1,€2), (18)

where the explicit expressions for the factors Z2, Zyp, Zopp,
and W, (T, m, €1, €p) are given in the next section. We can also
write the last expression as

Zo2 = 22007200 — Zape + ZaooWa(T,m, €1, €;)
= all possible ways of factorizing (19)
+ ZogoWa(T,m, €1, €2).

In general, if there are k partitions a7, ..., a; of the same size,

then it is the case that

Zayay..p, = all possible ways of factorizing

(20)
+ Zﬁ thlﬂtz Wﬂézﬂéa ""W"‘k—ﬂk—l W“k—l“k’

!Configurations of M5-M2 branes in which an M2-brane may carry a symmet-
ric or an antisymmetric representation.
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where B is the result of fusing [8] the partitions (aq, ay, ..., ag).
The universal factors W,z can be thought of as the effect of re-
moving an M5-brane which fuses partitions & and . It should
be possible (see Section 3) to obtain W, g from the M2-brane per-
spective as some kind of partition function associated with the
domain wall represented by the M5-brane between the vacua
labeled by a and . This should also be possible to do using the
ABJM theory.

The free energy F = In(Z) constructed from the parti-
tion function contains information about both the single par-
ticle and multiparticle BPS states. The plethystic summation is
used to project out the multiparticle states. Hence, the function
k, counts single particle BPS states and can be expanded

.....

Fk],.,.,kN,] (T/ ml €1/ EZ)

= coefficient of le... ;Z’l

mzﬂ

>1

log(Zn(IT,Im,ltf,, ey, l€3)).

2.1. Recursive Structure for the Configuration of Fully Anti-
symmetric Young Diagrams

Below, we give examples for a few configurations of the M5-M2

brane system. These examples show that there is no recursive

structure for the full expressions of the free energies. Only a

part of the expression of the free energy shows the recursive

structure. This part is what is alluded to before as

Zyay..ar + all possible ways of factorizing. (22)
* B0, Fg, Fa2

1
Fxpop(t,m,€1,62) = —5Z100(T, m, €1, €)?

+ Zz@@(’f, m, €1, €2)j|

- (Z1@®(2T,2m,2€1,262)>

Z%@@(T/ m,e1,€2) — Zoxp(T,m, 61,62)}

Exp(t,m,e1,6) = —

— (F“@(ZT, 2m, 261,262)) + other terms,

(23)
and finally,
Exn(t,m, €1, €2)
2300 (T,m, €1,€2) — 22000 (T, m, €1,€2) Zap (T, m, €1, €2)

+ Zopo (T, m, €1, 62)} - (Flll (2t,2m, 261,262)>

+ other terms.
(24)

We now show that the terms in the square brackets form a re-
cursive structure. First, we consider instanton number k; = 2
and the following Young diagrams:

vy ={1,1}, v, ={1,1},.., and soon. (25)

Using the notation 6; (x £ y) := 61(x + y)01(x — y), we find

Zong(T,m,€1,€) — Z3p (T, m, €1, €2) (26)
= ZZ@@(T/ m, €1162)WZ(T1 7’1’1,61,62),
where

Wa(T,m,€1,€)
B 1
61(e1 — 62)91(—2€2)91(€1)91(—€2)

x[el( m+ — :':3ﬂ>91( mte_)

2
fel(fmiar)@l( miezl + 352)]

(27)

to the next order

Zom (T,m,€1,€2) + Z300 (T, m, €1, €2)
— 22y (T, m, €1,€2) Zogp (T, m, €1, €2) (28)

= Zogo(T,m,€1,€2)Wa(T,m,€1,€)>.

® B300, F330, F333

Fop(T,m,€1,€2) = | Zzop(T,m, €1, €2)

— Zigo (T, m, €1,€2) Zoga (T, m, €1, €2)

1

- gle)@(T/ m, ey, 62)3/

F33®(T/ m, €1/€2) = |:Z33®(T/ m, 61162) - Z3@®(T/ m, 61162)2:|

+ other terms,

Fss3(T,m, €1,€2) = {Zsss(f, m, €1,€2) —2Z33p(T, m, €1, €2)

Z3pp(T,m,€1,€2) + Zapp(T,m, 61,62)3}

+ other terms.
(29)

Now, we consider the terms in square brackets for instanton
number k; = 3 and the following Young diagrams:

v ={1,11}, w»n={1,1,1},.. andsoon, (30)

Zysp(T,m,€1,€2) — Zagp(T,m,€1,€2)° (31)
= Z3pp(T,m,€1,6)W3(T,m,€1,€),
where
Ws(T,m,€1,€2)
. 1
01(eq — 62)91(—262)91(€1)91(—€2)91(—3€2)91(€1 —2€)
5e € 3e
X [n(=m S Z2)0y (—m+ T 2Ny (—mte-)
0 (— m:l:ezl + 522)9 (—m+ L s 3"32)(91( m+ey)
(32)
to the next order
Z333(T,m, €1, €2) — 27330 (T, m, €1, €2) L3 (T, M, €1, €2)
+ Z3@@(’F, m,€1,€2)3 (33)

= Z3@@(T, m, 61,62)W3(T, m,€eq, €2)2.
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2.2. Observation
We observe that W;(t,m, €1,€3),i = 1,..., N, follow a pattern

91(*71”1 ﬂ:€+) - 91(71’” j:ef)
91 (6])91(*62)

Wi(t,m,€1,€2) =

Wa(T,m,€1,€2)
_O(—m=Ee ) (—mEzer te)—0i(—mte )0 (—mEte Fe)
91 (61)91 (61 — 62)91(762)91(7262)

Ws(t,m,€1,€2)
_ 0i(—m*te )b (—mEey Fe)b(—mEtey £2e)
o 91 (61)91 (61 — 62)91 (61 — 262)91(—62)91(—262)91(—362)
O1(—mte_ ) (—mEte_ Fer)b(—mte_ F2e)
e (e1)01(€1 — €2)01(€1 — 2€2)61 (—€2)01(—2€2)61 (—3€2) "

(34)

The above simple observation leads to the following general-
ization:

WN(T,m,€1,€2) = ﬁ |:991(777’Ii€+ + (k* 1)62) :|

1(—ke2)01(e1 — (k —1)e2)
(35)

B[ bi(—mEe T (k—1)ey)
kl;ll {91(—7(62)91 (€1 — (k— 1)62)} '

It is curious to note that Wy (t,m, €1, €;) can be written in
terms of Wy (T, m, €1, €;). We can rewrite Wy (T, m, €1,€7) as
1(—mEey)—0(—m=te_)

01(€1)01(—€2)
= W1+(T/ == 6+r€lr€2)

Wl (Tr m,€q, €2) -
(36)

—Wy (t,—-m+te_, e€,6).

Then, Wy (T, m, €1, €3) can be rewritten in terms of Wl+ (t,—m=+
€1,€1,6)—and Wy (T,—m*e_, ey, er)—as

- ﬁ {Wf (T/ —mEze_F(k—1)ey, —key, €1 — (k- 1)62)}.
(37)

Note that under the modular transformation (t,m,eq1,€2) —

(—%, m, e, 2), Wyn(t,m, e, €) transforms as

Z
—
I
Al
alt
A
A9
N——

=

o2 (2m242(e, +(k=1)e*—ke}) { Or(—mEey £ (k—1)er) }
01(—ke2)01(e1 — (k—1)ez)

(2 12(e—(k—1)e2)*—ke3) { br(—mte F (k—1)e) } .
01(—kez)01(e1— (k—1)ea)
(38)

T
(X

—

e

w
Il
—

This shows that it is not a modular covariant. However, in the
NS limit e, — 0, it becomes modular covariant. For finite N,
in the NS limit e; — 0, Wn (7, m, €2) reduces to the following

expression:

Wy (T, m, e2)NS

L

(
N _ _
X (ZG{(—m—FZZZ 162)91(—171—212 162)

N _
x 11 61(—mi2k 162) (39)
” 2

Multiwrapping Contribution

If n > 1 denotes the number of wrappings, there are two
choices.

(a) n Contains Repeated Prime Factors

In this case, there will be no contributions to the free energy
from multiwrappings.

(b) n Is Equal to the Product of k Distinct Prime Factors

For this case, the generalized expression for Wy (T, m, €1, €3) is
given as
Wn,N(Tr m, ey, ez)multszrappmgs

N{ 61 (nt, —nm £ ne; £ n(k—1)ey) }

= 1<1:[1 61(nT, —nke; )6y (n7,ney — n(k —1)ez) (40)

B 61 (nt, —nm £ ne_ Fn(k —1)ey)
i1 LO1(nT, —nkep )61 (nt, ney —n(k —1)e)

= Wy (nt,nm,ney, ney).
This result confirms the fact that the correct objects to decom-
pose for multiple M2-brane configurations are the components
Zy,v,..v, and not the free energies or BPS degeneracies F’s.
2.3. Mixed Partitions

* Fiogoon, Fi21200, Fi21212

Z121200 (T, M, €1,€2) — Zirgpee(T,m, €1,€)

(41)
= Zoooo (T, m,€1,€)Wip (T, m, €1, €2),
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where

Wip(T,m,€1,€2)
. 1
DlZ@@@@ (T/ m,€q, 62)

1
X 91 (E (—2m+€1 —362)> 91 <—m— ? - ?

1 1
X 601 (E (72711 — €1 +€2)) 01 (E (72m + €1 +€2))

1 3
X {91 (E(—Zerelfez)) 91( mf%l+%)

—2m+€1 + 362)) :| .
(42)

® Zyuy, forvy = {1,1,1}, v, = {3}, 13 = {2,1}

A nontrivial example of mixed Young diagrams case is Zy,1,v;,
where v is the fully symmetric Young diagram, v, is the fully
antisymmetric Young diagram, and v3 = {2,1}. Note that
[v1] = |v2| = |v3| = 3. In this case, we get

Zyivyvs (T, m,eq, 62) —Zy, (T/ m, ey, 62)Z1’2V3 (T/ m, e, 62)

— Zyy, (T,m, €1,€2) 2y, (T,m, €1, €2)

+ Zy, (T, m, €1,€2) Zy, (T, m,€1,€2) Zy, (T,m, €1, €2)
1
01(—2€1)01(—€1)%61(€1)%01(3€1)61 (e1
1
01(—€2)201(e2)201(2€2)01 (€2 — €1)?

—2€2)201 (—€a + 2€1)2601(—3€2)

X

1

3
X 91<%(€1 —362—27&))91(%(61 —e —2m >91<5 €1+e—2m )

61 <%(351 +e — 2m)>01 (%(761 +3ey —2m) )61 % (e1 +3e2 72m)>

[91(%(561 —362—2m)>91<1 —€1 — € —2m )91(
) 1

791<1(3€1+€272m)>91< (5€1+5272m 91(7

2
—€1+6 — 2m)>

N\H

—€1 + 562 — 2m)>

I\)

91< (el+36272m)>]

T T Y-
o (%(7551 +56 — 2m))
—91<1(3e1—ez—zm)>9l<%(5el—ez—zm)>91<%(—3el+ez—zm)>
el( (5e1 — €5 — 2m)>9] (%(7361 te 72m)>91 (%(761 te 72m)>

01 (%(el +e — 2m))91 (%(el + 5¢p —2m)>}.
(43)

® Zyuyvs forvy = {2,1,1},v5 = {3,1},v3 = {2,2}
A second nontrivial example of mixed Young diagrams corre-
sponds tov; = {2,1,1}, 1, = {3,1}, and v3 = {2,2}. Note that

|v1] = |v2] = |v3] = 4 in this case. We get

Zul 13 (T/ m, e, 62) - Zvl (Tr m, ey, eZ)ZL’zl/a (T/ m, ey, €2)
— Zyyw, (T,m,€1,€2) 25 (T,m, €1, €2)
+Zy, (T,m,e1,€2) 2y, (T,m, €1,€2) Zy, (T, m,€1,€2)
1
 01(—€1)261 (€1)%6; (2€1)81 (€1 3€2)61 (€1 —2€2)61 (261 —2€2)261 (€1 —€2)°
1
* 01261 — €2)61 (361 — €2)01 (—262)201 (—2))01 (e2)2

2
9](%(6] — € — 211’!))9] (%(6] +€2 — 2711)) 9] (1 (36] +€2 — 2711))

2
1 1
01 (E(el + 3¢y — 2m)> 0 (E(Sel + 3¢y — 2m)>

TS N -
o (%(—3@1 ter— 2m)>291 (%(—5e1 +5¢, — 2m)>

—0 (%(561 e 72111))61 (%(fel te 72m)>01 <%(e1 te 72m)>
o (%(3@ te— 2m)>391 (%(q 436, — 2m))91 (%(61 + 56, — 2m)>}
YT NP A E—)
o (%(7361 +3e— Zm))el %(761 436 — 2m)>
~o(3Gerrer—2m) oy

3

(
<%(561 +e— 2m)>91 (%(—Gl + 5e; —2m)>
1

01 <%(€] +3e; — 2m)> 0 (5(361 +3e; — 2m)>]
(44

This is in line with the statement given in (20) that if there

are k partitions a7, ..., & of the same size, i.e., |a1| = ... = || =
n, then it is the case that
Zayay.., = all possible ways of factorizing 45)

+ Zﬁ thl L%} Wﬂéztx3 ""W"‘k—Z’xk—l W"‘k—l’xk’

where f is the result of fusing [8] the partitions (a1, ay, ..., a).

General Configuration

In the general configuration, we consider  + 1 M5-branes with
ki,i = 1,..,r, M2-branes between the i-th and (i + 1)-th M5-
branes. The Young diagrams labeling the M2-branes are in anti-
symmetric representations. The corresponding components of
the elliptic genus Zy,k, ., (T, m, €1, €2) have the following recur-
sive pattern:

Zi kg okokiko. ek dy (T 11, €1,€2) = 22 ks kek . 000 (T, 11, €1, €2)

3
Zkiky . 00..000..0 (T, M, €1,€2) + Zi 1 1.00.000..0(T/ M €1,€2)

(e 3 -alare a5 -al-3)
fo(- Da(-m-5 a(-n-3)

€
+E]*€2(k371+
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[ -afomr=Dpn(n--al-so 1) fin(ons S oainors (- g -a(-ne-D)
k

fla(-meg -olomredaln--o(00-3) fa(wegafomteha(n-3 (b
k

fio(me a1 D= et -]} Ha(we s afuoreD)

k

1 T e O R O ) AN SO )

k

Ilj@](—m+%—ez(ks—l-&-%))@l(—m—%—€2<—k1+l—%)> —Z[f[&(—m-i-%—Ez(kz—l-ﬁ-%))@l(—m—%—62(1—%»

1

(s G -afisre 3 )n(-n-§ e~k )

kq
fi(one g ot 3 D) (e a s a b af e D)
ks 1 -
1:101(—m+?—ez(k3—1+§>>01(—m—i_ez(_k1+l—§)) +<11]j91<7m+2752(k2 l+2))61( %l Ez(l*%))
k
Ik_[f? <7m+—17€ (71+1))9 <7m7—7e (7k +l,,>)}} 1:191( +7*€2<k3 I+ ))91(*m74762< k1+l*’))
L16: 2 5))6 2 -1
(46) 5
kr
ITe ST S (VI G iy Gy )}
. . 1 . 1 1:11( 2 2( 2))1( 2 2( - 2))
+{Egl(7m+37€2(k271+§)>91<7m777€2(l?§)> :Zklkzu,k,QQ)...@@,,,@{Ik—llel(77’”“’%762(k271+%))
I=1
o(-n+ G -ala-r+D)n(-n-F-al-0+1-2)  4(-u-2_a(-1))

o (-m+ & —ea(iamt+3))r(-m= 3 —a( ki +1- 1)
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f1a (-5 - D)o (- § (b
1§ -l (g -a-3)

ky

[ -1+ D)3 ek 3)

=1

ai-3))

(47)

flo(-me g e )n(-n-g (-

2
= Zky. k,00..00..0 (T, M, €1,€2)Wi 1 (T,m,€1,€2).

2.4. Fully Symmetric Configuration of the Young Diagrams
The symmetric configuration of the Young diagram is the com-
plex conjugate of the antisymmetric configuration, and this
amounts to replacing e; with €, and vice versa. The results ob-
tained in the previous section remain valid in this situation if
we make the replacement

€ > € (48)

{ —mEey £ (k—1)e) }
01(—ke1)01(e2 — (k—1)eq)

N
Wy (t,m,e,6) =]
k=1
N —mte_ T (k—1)e)
H |: k€1 91(62— (k_l)el):|.

k=1
For finite N, in the NS limit e, — 0, we get

Wy (T, m, )

,-{

(1)361(—e1) TTE- 291( ke1)01(—(k —1)er)

N _ _
(29£< m—|—2l 161)91(—7’]’1—2[ 161)

I=1 2
N 2k —1
1_[ 161<mi 5 61)

N 201 —1 21 —1
*291(*71’!* 5 61)91(*7114’ 3 61)
N _

H 91(—m:|:2k 161)).

#1 2

(50)

2.5. Remark: Some Comments on the Algebra of Holomorphic
Curves and the Recursive Structure

Gopakumar and Vafa reformulated [9, 10] the topological string
amplitudes focussing on the target space perspective. The 5d
N = 1* supersymmetric gauge theory, for a given M-theory
CY3-fold compactification, has BPS particles. These BPS par-
ticles correspond to the M2-branes wrapped on holomorphic
curves in the CY3-fold. The quantum numbers of the BPS par-
ticles are given by the curve class £ € H(CY3,Z) and the
spin content of the 5d little group of the massive particles
(jr,jL) = SU(2)g x SU(2)r. The particle content with charge
¥ and spins (jr, j1.) is invariant for a noncompact CY3-fold and

is denoted by Ng ®JL) The moduli space furnished by the D2-

branes wrapped on X is topologically nontrivial, and the num-

ber of its cohomology classes is equal to Ny (o) . The explicit

form of the topological string partition funct1on is given by
Z(w,€) =
ZGHZ(CY3) i

()

<11 10

k=—j, m=0

1)L+ (erl)NgR/fL)

’

2k+m+1 QZ)

1)

where QZ = Tx, q = e €, and w is the Kihler form on the
CY3-fold. It was shown in [9] that for j; = 0 the partition func-
tion Z(w, €) counts the states in a Hilbert space. It is interesting

to note that, for a given particle content Ny/ Uril) the above par-

tition function Z(w, €) can be written as an mdex as [11]
7 = Tr,H(_l)z(jL+jR)q2j?Ze_T2, (52)

where H is the quantized Hilbert subspace containing holo-
morphic modes of the BPS fields and Ty is the Hamiltonian
of the theory. In other words, the topological string partition
function can be interpreted as counting the holomorphic (com-
ponents of the) BPS states in the quantized Hilbert space.

Moreover, as shown in Section 2 in the computation of the
M-strings partition function, one has to use fixed point theo-
rems. For that purpose, it is necessary to determine the equiv-
ariant weights of certain vector bundles on the M-string moduli
space. In the description of the vector bundles, the Ext-groups
make an appearance. These groups appear [12] in the counting
problem of open string states between the D-branes wrapped
on the holomorphic submanifolds.

It was shown in [5] that the free energies F Lidz AN (t,m, e,
€p) for a configuration of finitely separated N + 1 M5-branes
with a single M2-brane stretched between consecutive M5-
branes are reducible and recursive such that

Flilzedy (T,m,€e1,€)

N—lFll,O,...,O( (53)

=W(t,m,e1,€) T,M,€1,€2).

This shows that the factor of W(t,m,€e1,€;) appears every
time a single M5-brane is removed from the configuration
—M2-M5-M2—. This recursive structure, as shown in [13],
indicates that the degrees of freedom corresponding to the
Fll2AN (1, m, €1, €5) can be obtained from F11/9-0(1,m, €1, )
up to the universal factor W(t,m,€1,€;). A similar interpre-
tation is expected from the generalized Wy (t,m, €1,€;) com-
puted in Section 2.

The M-string configuration when lifted to the higher di-
mensional F-theory corresponds [14] to an elliptic CY3-fold
in which a D3-brane wraps a P! whose normal bundle is
O(—2). The configuration of multiple parallel M5-branes with
M2-branes stretching between them corresponds to D3-branes
wrapping a chain of IP's with O(—2) normal bundles. The el-
liptic CY3-fold is a resolved Ay _1 fibration over the T2. In this
setup, the M5-branes correspond to a holomorphic (—2) curve.
In the case under consideration, the holomorphic cycles corre-
spond to the positive roots of the gauge group SU(N) of the
54, N' = 1* gauge theory. Recalling that [15] for two holo-
morphic curves C; and Cp, one can compute (C; + C)? =
C1.Cq 4 C5.Cy 4+ 2C1.Cy when their self-intersections and C;.Cp
are known. For the special case of C1.C; = —2and C,.Cp, = —
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and C; intersecting C; at a single point, i.e. C;.C; = 1, we get
(C1+C)? = =2 —2+42(1) = —2. Generalizing this to a chain
of (—2) curves Cy, Cy, ..., Cy in which i-th curve intersects only
(i—1)-thand (i + 1)-th curves, i.e. C;.C; = —=2,i =1, ..., N, and
Ci.Ci_1 = 1,C;.Ciy1 = 1 with all other intersections equal to
zero, it is easy to see that

(Cr+Co4..+Cn)2 = -2 (54)

It is interesting to speculate that this property of the (—2)
curves mimics the result (53) with the universal factor
W(t,m, €1, €p) playing the role of the identity element.

As shown in the previous sections, for multiple M2-branes
between consecutive M5-branes, instead of the free energies, it
is the elliptic genera that carry the recursive structure. It will be
interesting to elaborate on this phenomenon in the framework
of F-theory.

3. DOMAIN WALL DEGREES OF
FREEDOM: COUPLED SUPERSYMMET-
RIC WZW MODELS

We begin this section by reviewing the supergroup WZW mod-

els. The supergroup WZW model [16, 17] is described by the

maps f : X — (super group)SG from a two-dimensional Eu-

clidean Riemann surface ¥ to the supergroup SG, and its dy-
namics is given by the action

A1 = —g (9,00 f)

ik _ _ _
S X (0 [ auA, £ f)),

(55)

where M is a three-manifold with X as its boundary and k € Z
is the level. The symmetry group SG(z) x SG(Z) that generates
the left and right actions is defined by

f(z,2) = A2)f(z,2)A7(2), (56)

where A(z) and A(z) denote the arbitrary SG-valued functions
of the complex variables z and Z. Note that equation (55) is in-
variant under the transformation given by (56). The conserved
currents for this symmetry are given by

J(z) = J*(2)Ts = —kd.f.f 1 (57)

with the generators of the Lie superalgebra sg denoted by T”.
The OPE of the generators ] is given by

k(T?, T?)

a Tb c(w
(@) (w) ~ — LT T ()

zZ—w

(58)

As a consequence of the OPE, we have the following commuta-
tion relations which define the affine Lie superalgebra sg [17]:

[, ] = [T T ]G + m(T%, T) S mk. (59)

On the boundary of an M2-brane, the description by the ABJM
model gives rise to the WZW model. The content of the ABJM
model can be described in terms of type IIB brane configura-
tions. To this end, see Figure 3, note that the T-duality operation
on D3-branes wrapped on a circle gives rise to D2-branes in

type IIB space-time
P A
NS5 X X X X X X
D5 X X X X X X
D3, X X X +
D3_ X X X —
FIGURE 3: Type IIB picture
11d M-theory space-time
P S S R S A B RS (|
M>5 X X X X X X
M5 X X X X X X
M2 X X X

FIGURE 4: The dual M-theory picture

type IIA. These D2-branes can be lifted to the M2-branes in M-
theory. To get the required contents of Chern-Simons descrip-
tion of the ABJM theory, the D3-branes are arranged so as to
intersect two NS5-branes along the circle. Moreover, the k D5-
branes are added to this configuration as summarized in the
table given in Figure 3.

The x® direction is compact with period 27tR, with the two
NS5-branes located at x® = 0 and x® = 7R. x® = 0 is the lo-
cus of D5-branes. Resolving the intersections of the NS5-brane
with the k D5-branes produces a (p, q) 5-brane web. The result-
ing theory is super Yang-Mills with massive chiral multiplets.
Integrating out the chirality gives rise to the Chern-Simons the-
ory. Finally, the T-duality operation along x° followed by the lift
to 11-dimensions gives rise to M2-branes spanning (xO, xl, xz).
Under the T-duality, the 5-branes turn into KK-monopoles and
D6-branes. The low-energy description is thus given by M2-
branes probing C*/Zy.

In summary, the configuration of N D3"-branes and N
D3~ -branes that are stretched between coincident NS5- and
NS5'-branes can be lifted to the M-theory configuration M5-N
M2-M5' to give a GL(N|N) WZW model. In the same way, the
configuration figure (Figure 4) M5-N M2-M5'-M M2-M5 will
give GL(N|N) x GL(M|M) WZW model with additional bifun-
damental matter content.

N

Vit

FIGURE 5: Toric diagram for the open string wave function
Wy, - Red lines denote the periodicity of the vertical side.

The open topological string wave function W,,,,,,, which
is a building block of the partition function (11), is also the
counting function for BPS excitations corresponding to the in-
tersecting configurations of M2- and M5- branes. The topologi-
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cal open string wavefunction takes the form [1]

HVmHH _ lvml?

W, 1/,+1(QT/ Qm, t, q) =t 2 Zvin(qil,til)

~ 11 _ v+ vy 4] 1
ZVnHrl (t q )Qm : H(l B QT)
k=1
Ok O 1gVmaLi—it} w1y — k-1 Vin,i—j+3 Vfw+1,'7i+%
% (1 QTQm g 2t )(1 Q'( qu . 2t / )
o (1 Qg (1= Qg )

(60)

We can rewrite the factor Wy y, k,, given in equation (46), in
terms of the open topological string wave function W,, Us-
ing the definition of Zy i, , [4] as

Ziky. ke, = (*1)k1+k2+k3+‘.,k,, 2
Va,|[Va| =ks

Vat1®

W@Vl WU‘I %) WU2V3 serr Wl/,,@/

(61)

we can write (47) in terms of the topological string wavefunc-
tion Wy, as

2
Zk ks k,00..00..0 (T, M, €1,€2)Wi 1, (T, m, €1,€2)

ky+ko+kz+.. .k
= (_1) 1R Z W@Vlwl/ll/zwl/zl/y“wv,,ll/,
Va,|Va|=ka (62)
WVr+1Vr+2 "'WVZPlVZr WV2r+lV2r+2 "‘WVSV—ll/Br WV3,®

(WVrVrH - WVr@WQ)VrH) (WVZVVZVH - WVZr@W@VZrH)’

After normalizing by the closed topological string partition
function Wy (Qr, Q,t,q), the resulting expression is

invi+1(QT/Q/t/q) _ ,HVmJZrlHZ ,HWQHZ

DViV1+1 (Q‘(/ Q. t, '1) = W@@(QT: 0, t;[]) - q

_ lvml+vig4al
2
Qm I | I I
k=1(i,j)evm
k—1 VWI'*]*% V£n+1j7’.+%
- QT qu ! t ! )
; T
*Vm,i‘*’]*lt_vm,j-*—l)

1— OkO-1 *Vm,iJr].*%t’VnHl,j*i*% 1
(- Q7 Qg )(
o /t —1
(] — Q};qvm,z’*]tlm,] l+l)(l _ Q}_f_*]q
< 11

(i) €Vt

. t ip 1 . t i1

(1 Qk Q*lqvm+1i7/+%tv”1/'_l+7) (1 QkilQ quﬂHlH’]*%t_V /'-H_Z)
1 — Qk Vin41,i ]+1t m+11 I)(

( va\\z

<IT T1
k=1 (i,j)€vm
. ; . i1
(1-QQy g w3ttt h) 1= Qh Qg mi i Y
(1— Qg mi 1) (1 - k q“’"”ﬂ-lt"’f"vf“)

< 7HVH1H2
(a2 Qu

< 1

(i) €Vm+1
. t i1 .
(1—QkQy gtmsi T+ 2 ¢'mi ™ 2) (1 — Qk Qg miti i~

1 7Vf‘.+i7%)
(1- Q’;Elvwwl,ifﬂltvfrwl,j’i)(1 — Qkgvmritiy i1 H— 1) )
(63)

X

Qk 1 *1m+11+]t rn+1/+l 1)

\vmm (1— Qug'mi 4} i ’*7)

(1 _ qfvm,z*’] 1[— Vr m,j -H)

\vm\ (1_Q q—vmﬂ,ﬂfjt Vm/+l 2)

(1 — q7V77I+1 1+]t m+1fH 1)

k=1

1%

It can be interpreted [18] as the degrees of freedom of two in-
teracting WZW models. To see this, we consider the first factor

of equation (63):

o1t gl
HVm+1H2 ,M (1 — Q Vin,i /+2t m+1,j 7)
- 2 mq
(t Q"’l

(1- q,ym'iﬂ—lt Vin,j 'H) k=1 (i,j)€vm

(17Q’_§Q;1qfvm,i+j*%t_vm+1,j+i_%)(17
Y,
(1- QgmiIemi = )1

QI;quth ]+2tvm+l] l+%) .
— Qkgvmiti—1 Vi ,“)
(64)

This factor is identical to the contribution of the field content of
a supersymmetric WZW model [19, 20, 21].

The expression (64) is reminiscent of the N/ = 2 minimal
model product representation of the elliptic genus [19]. It was
suggested and proved in [20, 21, 22] that the minimal mod-
els are equivalent to super-renormalizable Landau-Ginzburg
models in the sense that the latter flows to the former at UV
conformal point. To this end, we use the known characters of
the discrete series representation of the N = 2 superconformal
algebra to compute its elliptic genus. For the Landau-Ginzburg
model, a certain superpotential deformation was used to ren-
der the exact computation of the elliptic genus possible.

It is desirable to independently compute the elliptic genus
of the minimal model using some Lagrangian formulation of it.
It turned out that certain minimal models have Lagrangian de-
scription as supersymmetric gauged WZW models. The equiv-
alence was shown by demonstrating that the elliptic genus
computed for a Landau-Ginzburg model matches the ellip-
tic genus computed for a particular supersymmetric gauged
WZW model [21].

The field content of the supersymmetric gauged WZW
model comprises [21] a Lie group G valued bosonic field g,
a gauge field A, that is Lie(H)-valued, where H C G and
Lie(G/H) valued left moving and right moving fermionic fields
¢+ and §_, respectively. The dynamics is given by the La-
grangian

S= 78% / dzzx/ﬁhijTrg’laig.g’la]-g
ik i _ _ _
—E/Bzﬂae‘]kTrg 19;9.¢ 18]-g.g Log

+ % /dzzTr(Agg_lazg — A,0:99 1
— AsA; + Asg 1 Azg)

(65)

. s
+ 1 [ =T (§eDegs + §-Dafo),

where B is the 3-manifold whose boundary is the 2d world-
sheet, h;; is the worldsheet metric, D, = 9; + [Az,] and Dz =
0z + [Az,] are the covariant derivatives, and the integer k is the
level. After the identification of a global U(1) that is part of the
left moving N = 2 algebra, the charge assignment of the fields
is given by

G TG

Pt P+
jrk)

l[J — ¢ ) P

(66)

g— (Ug +gU)

T
(k+2)
Ay — Ay,

where U € Lie SU(2) denotes the generator of the U(1) C SU(2)
which is gauged. This allows us to show that the elliptic genus
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of the supersymmetric WZW model of the coset SU(2)/U(1) is
given by

ESWZW _ —inka/21— ekt e
1 — el
1— qnei'y(k+1)v¢)(1 _ qnefi'y(k+1)zx)

(1 —elra)(1 —e~ire)

(67)

’

<TT°
n=1

where the contribution of the fermionic zero modes is sepa-
rated, respectively, as

1

- - 68
(1= en®)(1 —e1) (68)

and bosonic zero modes as
e—i’yktx/Z(l _ ei’y(k+1)zx>(1 _ e—i’wx). (69)

Moreover, the nonzero mode contribution of the fermions is
separated as

(1 . qnei’y(k+1)tx>(1 _ qnefi'y(kJrl)oc)(l _ qnei'ytx)(l _ qnefi'yzx)

(70)
and the bosons as

1
(A=) (1= gre ) (1= 'ei®) (1= gre %)

(71)

Note that the antiholomorphic part is canceled out.
The various contributions of the supersymmetric WZW
model are thus arranged in the following.

o Contribution of the Fermionic and Bosonic Zero Modes:

Y i+l
(1 _ quvnl,i7]+§tvnz+'l,j l+2)

(1— q*l/m,ri']'*l t_VrIn,j_H.)

(72)

o Contribution of the Fermionic and Bosonic Nonzero Modes:

(1 1

k=1 (i,j)€vm
k =1~V i+i— 3 1=V, Hi— 3 k v lowt il
(l*QTQm g~ Vmi J=2 7 Vm+1j 2)(17Q7qu m,i—] T3 4 mtlj 2)

(1 _ Qléqvm,i _jtV;’,j7i+1 ) (1 _ ng_vm,i +j_1t7l/£”,f+i)

(73)
o Contribution from the Phase Factors:
a2 Pmeal

(t—%Qm > ) (74)

Note that for the second WZW model the phase contribution

1112 llvml 2,
changes from t~ "2 to g~ % , ie., from a t-factor to a g-

factor. Similarly, the second factor in equation (63) also de-
scribes a WZW model.

Recall that the partition function Zy(t,m, trrtpyr by
€1,€2) of N parallel and separated M5-branes with M2-branes
stretched between them can alternatively [1] be written in

terms of the normalised open topological string wavefunctions

Dyv;1q (QT/ Qt, (1) as

ZN(T, m, tfl’ tfz' ey i’fN,€1,€2)

N—-1
= L ( I1 (_an)lval) x Dy, (Qr, Q t,9) (75)
Vi UN-1 N a=1

X Dl/ll/z (QT/ Q/ t71/ qil)DV21/3 (QT/ Q/ t/ q)'-‘DVN71®-

This form of the partition function allows an interpretation in
terms of N domain walls interpolating between the M2-brane
vacua. In terms of the supersymmetric WZW model, we can
say that the partition function is a superposition of the wave-
functions of a chain of coupled supersymmetric WZW models.
The center of mass motion of the multiple M-strings as well as
their mutual dynamics is encoded in this wave function. For
example, for the case of two M-strings, it involves their center
of mass motion as well as their motion relative to each other.
The components of the elliptic genus Zy,y,,.., are related to
the open topological string wave function. For example,

Zo — 235 = W Wap War = WaenWao),
Zss — Z3p = Was Wi (Wss — WasWao),

Z1912 — Zhop = Wor WiaWagp (Wa Wiz — War WinWag).
(76)

In other words, the universal factors W(t,m, €1, €3), W3 (T, m,
€1,€2) and Wip(T,m, €1, €7) for these M5-M2 brane configura-
tions can be expressed in terms of open topological wavefunc-
tion in equation (60) as

Wa(T,m,€1,€2) = (Waa = WxWag),
W(T,m,€1,€2) = (Waz — WipsWap), (77)
Wia(T,m,€1,€2) = (W Wiz — Wpn Wi Wag).

Similarly, we can write for Wy (T, m, €1, €2)
Wi (T, m,e1,6) = (WNN — WanWno)- (78)

Recall that in a given M-theory vacuum the coupling constant
7 is related to the radius of the circle S! parallel to the M5-
brane worldvolume. Formally, we can consider different cou-
pling constants 7; for different domain walls. Each 7; is re-
lated to the circle S' parallel to the i-th M5-brane worldvol-
ume. This M-theory setup can be dualized in type IIB strings to
a5d N = 1* supersymmetric gauge theory living on a par-
ticular (p,q) D5-NS5-brane web. T; correspond to the gauge
coupling constant of the supersymmetric gauge theories dual
to corresponding M5 brane-M2 brane-M-string configurations.
For these general cases, for instance, we can write

Z1212 — Z1200Z0120
= Wan (t1)Wr2(t4) Wao (15) (79)
X Wi(m2)Wa1(13) = War (13) Wh2 (22) Wag (13),
Zom — ZnpZowr — ZonZoo — LepoLoo Zoo2
= Wan(t1)Wao (1)
x (Wa(n) — W () Wap(12))
X Waa(13) = Wan (1) W (13)))-

(80)
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More generally, we can write for v; = v, = v3 the recursive
relation for Z,,y,v, as

ZV1V2V3 - ZV1VZZV3 - ZVl ZV2V3 + ZVl ZVZZVs

= W@vl W@m (Wvle - W@vl W@vz) (WV2V3 - W@vz W®1/3)~

(81)

Comparing the last expression with equation (20), we see that
the first factor W, Wy, is the result of fusing all the parti-
tions, the second factor Wy, v, — Way, Wy, ) appears when we
fuse the partitions vy, 1, along with the removal of the second
M5-brane, and the third factor (Wy,u; — Way, Wi, ) appears
when we remove the third M5-brane fusing v, v3.

A generalization of Zy,,v,u,..14 fOr vy = 1o = v3 = ...
can be expressed as

ZV11/21/31/4...1/k - ZV1V21/3...1/]<,1 ZVk - ZV2U31/4...VkZV1 + Zl/1 ZVZZV31/4...1/k

+Zy 2y Zoyvavsvavy_g + e — Ly Ly Loy Ly,
= W@m W@V4 (WV1V2 - W@w W@uz> (WV2V3 - W@vz W®V3)

x (WV3V4 - W@Vs W@Vzl)"'(WVk—le - W®Vk—1 WQ)W)'
(82)

4. ABJM MODEL VS M-THEORY

The ABJM model is defined by a 3d N/ = 6 supersymmet-
ric U(N)g x U(N)_j Chern-Simons theory with matter cou-
pling given by the bifundamental scalars Z, and spinors ¥*
with SU(4) R-symmetry index a. The low-energy 2d gauge the-
ory corresponds to the reduction of the worldvolume theory
of M2-branes to two dimensions with the boundary conditions
provided by the M5-branes. For details, we refer the reader to
[23]. This 2d theory is termed as ABJM slab and is identical to
the ' = (4,4) super Yang-Mills having SU(2)? R-symmetry,
and the gauge coupling g3, is determined by the distance be-
tween the M2-branes stack and the Z; orbifold singularity of
the transverse space C2/Z;. This 2d theory is special in the
sense that the M2-branes do not sit on top of the Z; singular-
ity. This avoids the appearance of Nahm poles. Moreover, the
Ramond-Ramond boundary conditions used in the definition
of elliptic genus project out the massive modes corresponding
to the KK modes. The elliptic genus of the 2d gauge theory with
nonzero coupling constant g3 ; > 0 turns out to be the same as
that of N = (4,4) super Yang-Mills.

The M2-M5 brane intersection is described by the bound-
ary conditions that preserve six supercharges and the SU(2) x
SU(2) x U(1) subgroup of the full R-symmetry group SU(4).
The two scalars Z; and Z; are longitudinal to the M5-brane
and form a doublet under one of the two SU(2)s. The other
two scalars Z3 and Z4 are transverse and form a doublet under
the second SU(2). Moreover, under the U(1) group, the two
doublets are oppositely charged. The boundary conditions on
bosons and fermions are given as
=¥ =¥2 =,

1 2 1 gl 32 gl
¥l =¢2 =yl =0, ¥L=92 =9

2r - _
DHZA =0, DxZZI = ?(Z]Z]Z] — Z]ZIZI),

ZaZ'Zp = ZpZ'Z4, Z;24Zp = Z5Z2°Z;.

(83)
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The boundary forces the gauge fields of the two U(N)s to be
related as

FuwZa = ZaFuw. (84)
Moreover, the variation of the ABJM action gives rise to a
boundary term

k

/ Tr(adA — &dA), (85)
boundary

which vanishes only if A = A and & = & However, if one takes
A # A, then the anomalous boundary term can be canceled by
introducing boundary fermions of one chirality coupled to A
and boundary fermions of the opposite chirality coupled to A.
This effectively gives rise to WZW model degrees of freedom
at the boundary and the gauge anomaly they generate cancels
the anomalous term (85).

We first write down the expression of the elliptic genus of
the 2d gauge theory obtained from the dimensional reduction
of the ABJM model for the case k = 1 as considered in [23]

A
ZTZB]M
01 (w; —wj+m+e )0 (w;—wj+m—ey)
01(w; — wj + €1)01(w; — wj + €2)

(86)

dw;dw;
Imt

1=

ij

—/H

However, in our case, the integral is finite with respect to
the integration variables, and no special regularization is re-
quired. We will use instead a prescription given in [24] for the
case of N = 2.

For ABJM theory and for N = 1, we get the expression

apim _ Oi(m+ey)0i(m—ey)

7 = 87
T? 01(€1)01(e2) &7
This expression matches with its Z,Il\:lz_smng [1].

N>2

For the complex integration beyond and including N = 2, we
will use the results [24, 25, 26]

ZABIM _ <91(m+€+)91(m—e+))

2

T 01(€1)01(€2)

/Hdwdwl 01 (w; — wj +m + €4 )01 (w; — w; +m — )
Imt ]#l 01(w; — w;j + €1)01 (w; — w; + €2)

(88)

The w;, w; integrals are well defined and do not require any
regularization. So we can write normalized elliptic genus in the

limit Q, = \/% as

~AB M
5 /

oy (2)
61 (Zq )

le'
i 27Tiz;

61(2
P (89)

i Gt

For 2d gauge theories containing the adjoint matter, the poles

contributing to the elliptic genus were found to be [25, 26]

=t'q7Y, (90)
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where (x,y) are the coordinates of the a-th box in the Young
diagram p such that [y| = N for all N > 0. Evaluating the
residue of (89) on these poles, we get

x1#x2, 1 #Y2

=L

(x1y1)€Y,(x2,92)€Y!
01((x1 —x2)e1 + (Y1 —y2)ea)b1((x1 — %2 — Dex
01((x1 — x2 — De1 + (y1 — y2)€2)01 ((x1 — x2)€1
01(e1)61(e2)
H 6161 (e1+€2) E(ijl)élgz/yzkw
01((x1 — x2)e1 + (1 —y2)€2)01((x1 — x2 — L)eg
01((x1 —x2 — )€1 + (y1 — y2)€2)01((x1 — x2)€

SABIM
ZT2]

+ (1 —y2 —Der)
+ (1 —y2 +1e2)

+ (1 —y2 —Der)
+ 1 —y2+1)e2)’
91)

This can be written in the canonical form by using the theorem
(2.11) of reference [27]:

)3

X1 Y1 1—x,1-y2
tlltz + £ th

)3

(xl,y1)€Y (Xz,yz)GY“
)\ 1- Agy (Y
7( Z tilil ( >i’ i+ 1()
Y1)eY
(x1,y1) o t (92)
1—x,+ Ay
T N R A'Zm)
(Xz,yz)EYf
- Y TR (1 - 1) (1 - 1)
(r1y1) €Y, (x2,2) €Y
as
Zsm
01(e1)01(e2)
=Igo e IT
0161(e1 +e2) Y Y (xq,y1)€Y,(x2,40) €Y
f1(x1€1 — y1€2)01((1 — x2)e1 — (1 —ya)ea) .
91((X1 — )\‘yl)el — (1—]/14—/\3(])62)91((1—XZ—)\]';Z)€1—(yz—/\xZ)Ez)
(93)

It is interesting to compare ZTZ with Z¥ZA given by

L I1

Y,Y! (ij)eY

Z,’[’{‘ =
« 91((1 — 1)61 + (] - 1)62)91( i€1 —jEz)
01((i = ADer + (A — j+De2)r (1— i+ AL )er +(j—Ai)e2)
(94)

5. CONCLUSIONS

We have studied the structure of the free energies of M-strings.
An interesting recursive structure in the free energies (BPS
counting functions) was observed [4] for the configuration
—M2-M5-M2-M5-M2— of M2-M5 branes. We show that for
configurations containing multiple M2-branes sandwiched be-
tween Mb-branes the recursive structure in free energies is lost.
Instead, the coefficients Z 4, 4,. 4, in the expansion of partition
function enjoy the recursive structure. For completeness, we
also describe the M2-brane configurations with symmetric rep-
resentations and mixed representations.

The partition functions of M2-brane configuration that en-
ter the M-strings elliptic genera can also be interpreted as the
vacuum-n to vacuum-(n+1) amplitude with M5-branes acting
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as the domain wall. The M5-brane domain wall acts as the dual-
ity transformation that interpolates between the two vacua [8].
ABJM formulation of M2-brane theories allows a more direct
study of the domain wall partition functions. We compute the
elliptic genus of a dimensionally reduced 2d theory of ABJM
slab model and compare it with the M-string computations. We
find an interesting mismatch that can be explained in terms of
the center of mass motion of M2-M5 branes in the transverse
space. The factor corresponding to the mismatch accounts for
this center of mass motion in the transverse space.

It will be interesting to study the WZW-topological string
correspondence for more general backgrounds in M-theory.

Appendix A. DENOMINATOR FACTORS
D1/1,...,1/K (T/ MI €1, 62)

D134134134(T, m, €1, €2)

=0y (e —m)” 01 (—m — 4€)° 1 (—m — 3ey)°
01 (—m + €1 — 3€2)° 01 (—m —2€2)° x 0; (—m + €1 —2¢7)°
6 (—m — 62)9 61 (—m+e — 62)6,
D1as1zao00 (T, m, €1, €2)
=01 (€1 —m)® 0y (—m — 4€5)? 01 (—m — 3e)*
61 (—m+ e *362)2 61 (—m — 26’2)4 X0y (—m+e; — 262)4
6 (—m — €2)6 01 (—m+e — €2)4,
Dissgooooo (T, m, €1, €2)
=01 (e1 — m)> 01 (—m — 4e3) 0y (—m — 3e;)?
01 (—m + €1 —3€2) 01 (—m — 2€3)% x 01 (—m + €1 — 2€7)?
61 (—m—€)> 01 (—m+e1 —e2),
Doaos3 (T, m, €1, €2)
=01 (e1 — m)° 0y (—m — 3€2)* 0y (—m — 2,)°
0 (—m + € —262)3 X 01 (—m — 62)6
01 (—m+e —e)°,
Dasozpo (T, m, €1,€2)
=01 (e1 — m)* 01 (—m — 3€2)? 01 (—m — 2e5)*
01 (—m + € —2(—:2)2 X 01 (—m — 52)4
01 (—m+e1—e)?,
Doaos3 (T, m, €1, €2)
= 01 (e1 — m)* 61 (—m —3e3) 0y (—m —265)°
0 (—m+e1 —2€) x 01 (—m — 62)2
01 (—m+e1 — )7,
Dioio12(T,m, €1,€2) = 6y (€1 — m)® 0y (—m — 2¢;)°
01 (—m — 62)6 61 (—m+e — €2)3 ,
Dio12go (T, m,€1,€2) = 01 (€1 — m)* 61 (—m — 2€5)°
01 (—m —ex)* 0y (—m+e1 — ),
Dixgoop(T,m,€1,€2) = 01 (€1 — m)2 6 (—m — 2€p)
61 (—m — €2)2 01 (—m+e —e).
(A1)
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