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Fermion propagators in type II fivebrane backgrounds
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Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan

~Received 11 April 2003; published 11 July 2003!

The fermion propagators in the fivebrane background of type II superstring theories are calculated. The
propagator can be obtained by explicitly evaluating the transition amplitude between two specific NS-R
boundary states by the propagator operator in the nontrivial world-sheet conformal field theory for the five-
brane background. The propagator in the field theory limit can be obtained by using point boundary states. We
can explicitly investigate the lowest-lying fermion states propagating in the nontrivial ten-dimensional space-
time of the fivebrane background:M63Wk

(4) , whereWk
(4) is the group manifold of SU(2)k3U(1). Half of the

original supersymmetry is spontaneously broken, and the space-time Lorentz symmetry SO(9,1) reduces to
SO(5,1) in SO(5,1)3SO(4),SO(9,1) by the fivebrane background. We find that there are no propagations of
SO(4) ~local Lorentz! spinor fields, which is consistent with the arguments on the fermion zero modes in the
fivebrane background of low-energy type II supergravity theories.

DOI: 10.1103/PhysRevD.68.026005 PACS number~s!: 11.25.2w
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I. INTRODUCTION

The quantum effect of gravity may shed new light
unsolved problems in particle physics. It has been poin
out that supersymmetry can be spontaneously and dyn
cally broken by gravitino condensation@1,2# in nontrivial
space-time backgrounds. It has also been suggested th
the global symmetries in the low-energy effective fie
theory should be broken by the effect of quantum grav
@3,4#. It is very important to investigate these possibilities
string theory, which is a strong candidate for consist
theory of quantum gravity.

If we have a fermion propagator, or a fermion two-po
function, in some nontrivial background~space-time metric
or gauge fields!, we can obtain a value of the fermion pa
condensate, which can be an order parameter of some
metry breaking. For example, in the case of the SU(N)
gauge theory with massless vectorlike fermions in the fun
mental representation of the gauge group in Euclidean sp
time, the zero-instanton sector in the path integral of
fermion two-point function gives a Euclidean propagat
and the one-instanton sector gives a fermion pair conden
which triggers chiral symmetry breaking. In the same syst
in Minkowski space-time a full propagator should inclu
the mass function whose integral gives the value of the
mion pair condensate through the arguments of oper
product expansion. Therefore, it is interesting to investig
the fermion propagator in nontrivial space-time backgrou
in string theories.

The fivebrane background is a nontrivial background
the space-time metric and fields in type IIA, type IIB, a
heterotic string theories@5,6,7#. Half of the original super-
symmetry is broken, and the space-time Lorentz symm
reduces to SO(5,1) from SO(9,1).SO(5,1)3SO(4) by the
fivebrane background. Although general fivebrane ba
grounds are realized as the solutions in the low-energy
pergravity theory of each string theory, in some special ca
they can be described by world-sheet conformal field th
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ries as the solutions of string theories@8,9#. Therefore, in
principle we can calculate fermion propagators in stri
theories perturbatively with respect to the string coupli
without any low-energy approximation@10,11#.

The number of fermion zero modes in nontrivial fou
dimensional space of fivebrane backgrounds in low-ene
supergravity theories is well known@7#. There are four fer-
mion zero modes in type II theories@12# and two fermion
zero modes in heterotic theories@13#. If we believe the path
integral formalism of supergravity theory, these numb
mean four-fermion condensations in type II theories and
mion pair condensations in heterotic theories in nontriv
four-dimensional space. Although the case of the heter
theory is much more interesting than the case of the typ
theory in terms of the strategy of extracting the value of
fermion pair condensate from the propagator, there are s
technical difficulties in calculating the fermion propagat
~especially for gravitino and dilatino! in heterotic string theo-
ries. ~The calculation of the gaugino propagator is possib
and the work is under way.! In this paper we calculate th
gravitino and dilatino propagators in the fivebrane ba
ground in type II string theories as the first attempt. If t
path integral formalism of the supergravity theory is corre
there should be no propagation of the light fields in SO(
~local Lorentz! spinor representations.

The paper is organized as follows. In the next section
give a brief review of the fivebrane background in type
string theories. The conformal field theory for the fivebra
background is introduced. In Sec. III the closed string bou
ary state to which a single fermion state@left-handed Neveu-
Schwarz and right-handed Ramond~NS-R! state# can couple
is introduced. In Sec. IV fermion propagators are calcula
by evaluating the transition amplitude between bound
states by the propagator operator in the world-sheet con
mal field theory. In the last section we summarize our res
and give some comments.

II. FIVEBRANE BACKGROUNDS IN TYPE II STRING
THEORIES

The fivebrane background~or the NS5-brane! is a
Bogomol’nyi-Prasad-Sommerfield ~BPS! configuration
©2003 The American Physical Society05-1
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which preserves half the supersymmetry of the theory.
type II supergravity theories, which are the low-energy eff
tive theories of type IIA and type IIB string theories, th
space-time metric configuration of the fivebrane backgro
~NS5-branes at the origin! is explicitly given by

gmn5e2Fdmn , ~1!

e2F5e2F01
na8

r 2 , ~2!

wheren is an integer,m56,7,8,9 are the indices of the non
trivial four-dimensional space in the whole ten-dimensio
space-time, andr 25(m56

9 xmxm. We usem̂50,1, . . . ,9 as

the index of the whole ten-dimensional space-time andm̄
50,1, . . . ,5 as theindex of the flat six-dimensiona
Minkowski space-time in the whole ten-dimensional spa
time from now on. The geometry of the space-time isM6

3R3S3 with varying radius ofS3 from Ana8 to infinity
along with the value of the coordinate ofR from 2` to `.
These solutions in low-energy supergravity theories are c
sidered to be exact solutions in type II string theories. T
world-sheet conformal field theory for these backgroun
can be explicitly constructed in the case ofe2F050. In this
case the space-time geometry isM63Wk

(4) , whereWk
(4) is

the four-dimensional group manifold of SU(2)k3U(1) with
Kač-Moody level k. The geometry ofWk

(4) is againR3S3,
but the radius of S3 is fixed by a8/Q, where Q
5Aa8/(k12).

In the case of flat space-time the world-sheet theory
type II string theory consists of one free bosonic fie
Xm̂(z,z̄) and two free fermionic fieldscm̂(z) andc̃m̂( z̄). The
system has (N,Ñ)5(1,1) superconformal symmetry wit
central chargecm5 c̃m510110/2515, which is cancelled
by the ghost contributioncg5 c̃g52261115215. The
nontrivial backgroundM63Wk

(4) can be described by replac
ing unconstrained fieldsXm (m56,7,8,9) with the fields con-
strained on the group manifold of SU(2)k3U(1); namely,
the part of the world-sheet theory corresponding to
space-time coordinates ofm56,7,8,9 is replaced by the com
bination of the SU(2)k Wess-Zumino-Witten~WZW! model
and the linear-dilaton theory. The new part has (N,Ñ)
5(4,4) superconformal symmetry and has the same cen
charge of the original part:c4D56.

The holomorphic sector of the SU(2)k3U(1) part is de-
scribed by three SU(2)k bosonic currentsJi(z) ( i 51,2,3),
one free bosonic currentJ4(z)5]Xm56, and four free fermi-
onic fieldsCa (a51,2,3,4). These currents and fields satis
the following operator product expansion~we set a852
from now on in this section for simplicity!:

Ji~z!Jj~z8!;2
k

2

d i j

~z2z8!2 1e i j l

Jl

z2z8
, ~3!

J4~z!J4~z8!;2
1

~z2z8!2 , ~4!
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Ca~z!Cb~z8!;2
dab

z2z8
. ~5!

The N54 superconformal symmetry transformation is ge

erated by the following energy-momentum tensorTWk
(4)

(z),

supercurrentsG
a

Wk
(4)

(z), and SU(2)n currentsSi(z):

TWk
(4)

52
1

2 S 2

k12
Ji

21J4
22Ca]Ca1Q]J4D , ~6!

G
i

Wk
(4)

5A 2

k12S JiC42e i j l JjC l1
1

2
e i j l C4C jC l D

2J4C i2Q]C i , ~7!

G
4
Wk

(4)

5A 2

k12S JiC i1
1

3!
e i j l C iC jC l D1J4C4

1Q]C4 , ~8!

Si5
1

2S C4C i1
1

2
e i j l C jC l D . ~9!

The background chargeQ determines the gradient of th
linear-dilaton backgroundF5QXm56. The world-sheet field
Xm56(z,z̄) is called the Feigin-Fuchs field, and the theory
this field is called the linear-dilaton theory. The valueQ
5Aa8/(k12)5A2/(k12) is required for the correct centra
charge ofc4D56, and the Kacˇ-Moody leveln of SU(2)n is
fixed to unity due to the relation ofn5c4D/6. The antiholo-
morphic sector has exactly the same structure.

The world-sheet theory of theM6 part consists of one free
bosonic fieldXm̄(z,z̄) and two free fermionic fieldsCm̄(z)
and C̄m̄( z̄). In the holomorphic sector the energy
momentum tenorTM6

(z) and the supercurrentGM6
(z) are

TM6
52

1

2
]Xm̄]Xm̄1

1

2
Cm̄]Cm̄ , ~10!

GM6
5Cm̄]Xm̄ . ~11!

The antiholomorphic sector has exactly the same struct
and theM6 part has (N,Ñ)5(1,1) superconformal symme
try. The whole world-sheet theory has (N,Ñ)5(1,1) super-

conformal symmetry, and we takeT5TM6
1TWk

(4)
and G

5GM6
1G

4
Wk

(4)

as the currents of that symmetry. The sup
Virasoro generatorsLn (nPZ) and Gr (r PZ11/2 in the
Neveu-Schwarz sector andr PZ in the Ramond sector! are
defined by

Ln5 R dz

2p iz
zn12T~z!, ~12!

Gr5 R dz

2p iz
zr 13/2G~z!. ~13!
5-2
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The antiholomorphic sector has exactly the same struct
The partition function, or one-loop vacuum amplitude, is e
plicitly calculated in Ref.@9# for evenk. We considerk as an
even number from now on. The difference between type
and type IIB theories is the difference of the usual univer
Gliozzi-Scherk-Olive~GSO! projection. In addition to the
universal GSO projection, we have to do theadditional GSO
projectionby which the half breaking of the space-time s
persymmetry is realized in the world-sheet theory.

III. BOUNDARY STATES FOR PROPAGATORS

The propagator of the closed string in type II theories c
be calculated as the transition amplitude between two ap
priate boundary states by the propagator operator in
world-sheet conformal field theory. In the case of flat spa
time, the propagator of bosonic states~in the bosonic string
theory! is extensively studied in Ref.@14#, and the propaga
tors in the superstring theory are calculated in Refs.@10,11#.
In order to obtain the propagator in the field theory limit~not
the low-energy limit!, the point boundary states, which de-
scribe the states of the closed string shrinking to a poin
space-time, should be used. For the bosonic~NS-NS or R-R!
states of strings, we can use D(21)-brane, or D-instanton
states@15#:

uB~y!&5uBX~y!& ^ uBc& ^ uBgh& ^ uBsgh&, ~14!

where

uBX~y!&5d10~ x̂2y!expH (
n51

`
1

n
a2n

m̂ ã2nm̂J u0& ~15!

describes the state of the closed string shrinking at a sp
time point ofy ~or the state where the edge of the open str
is fixed at a space-time point ofy), uBc& is the world-sheet
fermion contribution which is determined by the supersy
metry andT duality, anduBgh& ^ uBsgh& is the contribution of
world-sheet ghost fields, thebc ghost state and thebg ghost
state, respectively.~We are using the notation of Ref.@16#
except for a factori for world-sheet fermion fields.! The
propagator

PB~y82y!5^B~y8!uDBuB~y!& ~16!

with the propagator operator

DB5
a8

4p
•

1

2Euzu<1
d2z

1

uzu2
zL0z̄L̃0 ~17!

can be explicitly calculated.
For the fermionic~NS-R or R-NS! states of strings, we

cannot use the D-instanton states, because they do not co
with a single fermionic state. Therefore, we have to int
duce some source boundary states which couple with a si
fermionic state. The source states do not necessarily co
spond to some physical objects such as D-branes. We
cretely introduce the following boundary state for NS-R fe
mionic states.
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uB~y,s!&m̂5uBX~y!& ^ uBgh& ^ c21/2
m̂ u0&NS^ ucs&

˜
R, ~18!

whereu0&NS is the Neveu-Schwarz vacuum state anduc s̃&R is
the Ramond vacuum state. The spin states5s1^ s2^ s3
^ s4^ s5 with si561/2 for i 51,2, . . . ,5 isdescribed by

cs5h1^ h2^ h3^ h4^ h5 ~19!

with

h i5S 1

0D , S 0

1D ~20!

for si51/2,21/2, respectively. Thebc ghost stateuBgh& is
explicitly given by

uBgh&5expH (
n51

`

~c2nb̃2n2b2nc̃2n!J c01 c̃0

2
u↓& ^ u↓ &̃

~21!

and

K BghU5^↑ ũ ^ K ↑U b̃02b0

2
expH (

n51

`

~ b̃ncn2 c̃nbn!J .

~22!

Using the propagator operator

DF5
a8

4p
•G̃0•

1

2Euzu<1
d2z

1

uzu2
zL0z̄L̃0, ~23!

we can explicitly calculate the fermion propagator as f
lows.

PF~y82y!s8s
m̂n̂

5 m̂^B~y8,s8!uDFuB~y,s!&n̂

52 i
Aa8

2 (
NX50

`

d~NX!•E d10q

~2p!10c̄s8qr̂

3Gr̂csh
m̂n̂

1

q21MNX

2 eiq ŝ(y82y) ŝ
, ~24!

whereMNX

2 54NX /a8 with the levelNX of the bosonic ex-

citations on the world-sheet, andd(NX) is the degeneracy o
the open superstring state with the bosonic levelNX and zero
fermionic level. In the momentum space,

PF~q!s8s
m̂n̂

5 (
NX50

`

d~NX!•c̄s8qr̂Gr̂cs

hm̂n̂

q21MNX

2 . ~25!

This result can be understood as the sum of the propaga
of the fields that satisfy some nonlocal field equations. T
different GSO projections for type IIA and type IIB theorie
correspond to taking different chiralities fors8 ands. Not all
the NS-R fermionic states in type IIA and type IIB strin
theories in the flat space-time are included in this propaga
but all the NS-R massless fermionic states are included.
5-3
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To do the same in the fivebrane background, we need
explicit expression for the D-instanton state for the boso
sector in the fivebrane background.

The D-brane boundary state in the SU(2)k WZW model is
discussed in Refs.@17,18#. It is possible to explicitly con-
struct the D-instanton state. The place where the edge o
open string is fixed is the north or south pole ofS3. The
D-instanton state is the Cardy state

uC&5(
l 50

k

AS0
l u l &, ~26!

where

Sl 8
l5A 2

k12
sinS p

~ l 811!~ l 11!

k12 D ~27!

and u l & is the Ishibashi state, which satisfies

^ l 8uq~L0
WZW1L̃0

WZW!1/2u l &5d l 8 lq
2Sl ,kx l

(k)~q! ~28!

with Sl ,k5@( l 11)/2#2/(k12)23/24 and the SU(2)k char-
acterx l

(k)(q). In the stateuC& there is no explicit dependenc
on the spatial point where the edge of the open string
fixed. This is due to the fact that the state is constructed in
SU(2)k invariant way.

The D-brane boundary state in the linear-dilaton ba
ground is investigated in Refs.@19,20#. It is impossible to
impose Dirichlet boundary conditions in a conformally i
variant way on the Feigin-Fuchs field because of the nonz
background chargeQ @19#. Although we can construct a
boundary state that satisfies Dirichlet boundary condition
the same way as Eq.~15!, it is not conformally invariant. The
Dirichlet boundary state can be defined, not by directly
plying the Dirichlet boundary condition, but by using th
Cardy condition@20#. The states are described in a simil
way to Eq.~26!:

uBFF~y!&5E dp

2p
e2 ipyup&FF, ~29!
l
r
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FF̂ p8uqL0
FF

1L̃0
FF

2cFF /12up&FF5d~p82p!qp2
q21/12

3 )
n51

`

~12q2n!21 ~30!

with cFF5116Q2/a8. The statesup&FF with a continuous
parameter2`,p,` are the highest-weight states of th
continuous representation of the linear-dilaton conform
field theory with weight (a8/4)@p21(Q/a8)2#. The bound-
ary stateuB(y)&FF satisfies the Cardy condition:

^BFF~y!uqL0
FF

1L̃0
FF

2cFF /12uBFF~y!&5q̃21/12)
n51

`

~12q̃2n!21,

~31!

where q̃[e22p i /t with q[e2p i t. The parametery does not
necessarily mean the position where the edge of the o
string is fixed. But in the smallQ limit, which is the limit we
will consider, it has the meaning of the position. Here, w
note that the discrete representation of the linear-dilaton c
formal field theory need not be considered in the calculat
of the tree-level propagator corresponding to the two-po
amplitude at genus zero@9#.

Using the D-instanton boundary states for the SU(2k
WZW model and the linear-dilaton theory, we introduce t
following boundary state for the calculation of the fermio
propagator:

uB~y,s!&m̂5uBX~y!&M6^ uBFF~y!& ^ uC& ^ uBgh& ^ uBc~s!&m̂,

~32!

whereuBc(s)&m̂ is the contribution of the world-sheet ferm
ons in the NS-R sector. The stateuBc(s)&m̂ has a slightly
complicated form due to the additional GSO projection:
uBc~s!&m̂5H c21/2
m̄ u0&NS^ uc s̃&R, (s4 ,s5)5(1/2,21/2),(21/2,1/2),

c21/2
m u0&NS^ uc s̃&R, (s4 ,s5)5(1/2,1/2),(21/2,21/2),

~33!
Eq.

ed
with a total odd number ofsi521/2 ~odd ten-dimensiona
chirality! for type IIA theory and with a totally even numbe
of si521/2 ~even ten-dimensional chirality! for type IIB
theory. The space-time index of the state is restricted dep
ing on the spin state, and the number of allowed states is
of the states in the case of flat space-time. This is the r
ization of half supersymmetry breaking by the fivebra
background in the world-sheet theory@9#.

Now we can calculate the fermion propagator in the fiv
brane background as the transition amplitude between t
d-
alf
l-

-
se

source boundary states by the propagator operator of
~23! with the operatorsL0 , L̃0, andG̃0 defined in the previ-
ous section.

IV. FERMION PROPAGATORS IN FIVEBRANE
BACKGROUNDS

The explicit form of the fermion propagator is describ
as follows:
5-4
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PF~y82y!s8s
m̂n̂

5 m̂^B~y8,s8!uDFuB~y,s!&n̂

5
a8

4p
•

1

2Euzu<1
d2z

1

uzu2
m̂^B~y8,s8!u

3G̃0zL0z̄L̃0uB~y,s!&n̂. ~34!

Here,

L05L0
M6

1L0
FF1L0

WZW1L0
ghost2n, ~35!

L̃05L̃0
M6

1L̃0
FF1L̃0

WZW1L̃0
ghost2 ñ ~36!

with

L0
M6

5
a8

4
pm̄pm̄1 (

n51

`

a2n
m̄ am̄n1 (

r 1n51

`

rc2r
m̄ cm̄r , ~37!

L0
FF5

a8

4 S p62
iQ

a8 D 2

1
a8

4 S Q

a8D
2

1 (
n51

`

a2n
6 an

6

1 (
r 1n51

`

rc2r
6 c r

6 , ~38!

L0
WZW5L0

WZWuB1 (
r 1n51

`

rc2r
m8c r

m8 , ~39!

L0
ghost5 (

n51

`

n~b2ncn1c2nbn!

1 (
r 1n51

`

r ~b2rg r2g2rb r !, ~40!

and the same forL̃0. The eigenvalue of the momentum o
eratorp62 iQ/a8 corresponds top in Eq. ~29!, L0

WZWuB is the
bosonic contribution, andm857,8,9. For the NS-R sector
n51/2 andñ50. Furthermore,

G̃05G̃0
M6

1G̃
0
Wk

(4)

1G̃0
ghost ~41!

with

G̃0
M6

52 iAa8

2
pm̄c̃ m̄01fermion nonzero modes,~42!

G̃
0
Wk

(4)

5A 2

a8
A 2

k12
J̃0

m8c̃0
m82 iAa8

2 S p62
iQ

a8 D c̃0
6

1
1

3!
A 2

k12
em8n8r8c̃0

m8c̃0
n8c̃0

r8

1fermion nonzero modes, ~43!
02600
G̃0
ghost52 (

n52`

` S 1

2
nb̃2nc̃n12b̃ng̃2nD . ~44!

Here, J̃0
m8 is the zero mode in the mode expansion of t

WZW currentJ̃m8 ( J̃i with i 51,2,3 in Sec. II correspond to

J̃m8 with m857,8,9, respectively!. We did not explicitly
write the contributions of the nonzero modes of the wor
sheet fermions, because they give no contribution to the
mion propagator of Eq.~34!.

The calculation is straightforward except for one quant

^CuJ̃0
m8zL0

WZWuBz̄L̃0
WZWuBuC&. ~45!

We can show that this quantity vanishes by using the con
tions of conformal and SU(2)k invariance

L̃0
WZWuBuC&5L0

WZWuBuC&, ~46!

J̃0
m8uC&52J0

m8uC&, ~47!

and the definition of the Ishibashi state

u l &5(
N, j

u l ;N, j & ^ Uu l ;N, j &˜ , ~48!

whereU is a unitary operator introduced in Ref.@21#, and the
statesu l ;N, j & are in the orthonormal representations of t
SU(2)k Kač-Moody algebra with 0< l<k. The statesu l ;0,j &
are in the orthonormal representations of the SU(2) alge
with 2 l< j < l , andN denotes the ways of operating som

J̃2nm8 to the states. We obtain

^CuJ̃0
m8zL0

WZWuBz̄L̃0
WZWuBuC&

52(
l ,N

S0
l uzu2L0( l ,N)(

j
^ l ;N, j uJ0

m8u l ;N, j &50,

~49!

whereL0( l ,N) is the eigenvalue of the operatorL0
WZWuB on

the stateu l ;N, j &. The second equality comes from the fa

that the trace ofJ0
m8 over a representation of SU(2) is zer

The result of the calculation is
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PF~y82y!s8s
m̂n̂

52 i
Aa8

2 E d7q

~2p!7eiq r̃(y82y) r̃
c̄s8S qs̃Gs̃1 i

Q

a8

1

3!
el8k8v8G

l8Gk8Gv8Dcsh
m̂n̂ (

NX50

`

d~NX!(
l 50

k

(
m52`

`

@2~k12!

3m1 l 11#A 2

k12
sinS p

l 11

k12D 1

qd̃qd̃1~Q/a8!21MNX

2 1~4/a8!@~k12!m21~ l 11!m#
, ~50!
f
i
t

n
c

n

inte-

t

tain

ce-
n
be
he-
the

be
or
ro-

ol-
-

where r̃,s̃,d̃50,1, . . . ,6. Weused the explicit formula for
SU(2)k character

x l
(k)~q!5

1

h~t!3 •2~k12! (
m5`

` S m1
l 11

2~k12! D
3expF2p i ~k12!tS m1

l 11

2~k12! D
2G , ~51!

whereq5e2p i t @22#. In the denominator of the last factor o
Eq. ~50!, the first term is the squared energy-momentum
the flat seven-dimensional space-time, the second term is
universal mass shift due to the linear-dilaton backgrou
@23#, and the third term is the mass by the usual string ex
tations (MNX

2 54NX /a8). The fourth term is the contribution

that breaks the ten-dimensional space-time interpretatio
finite k.

The space-time interpretation ofM6
^ W4

(k) in this world-
sheet theory is possible only in the largek limit. In the large
k limit the contribution ofm50 dominates in Eq.~50!. The
propagator becomes

PF~y82y!s8s
m̂n̂→2 i

Aa8

2 (
NX50

`

d~NX!E d7q

~2p!7 eiq r̃(y82y) r̃

3(
l 50

k

~ l 11!A 2

k12
sinS p

l 11

k12D c̄s8

3S qs̃Gs̃1 i
Q

a8

1

3!
el8k8v8G

l8Gk8Gv8D
3csh

m̂n̂
1

qd̃qd̃1~Q/a8!21MNX

2
. ~52!

The summation overl is exactly calculable:
02600
n
he
d
i-

in

(
l 50

k

~ l 11!A 2

k12
sinS p

l 11

k12D
5Ak12

2
•

sin@p/~k12!#

12cos@p/~k12!#
. ~53!

This factor diverges in the largek limit as (Ak12)3 and can
be understood as the correspondence of the momentum
gration in theS3 space with the radiusa8/Q5Aa8(k12).
Because in the stateuC& there is no explicit spatial poin
where the edge of the open string is fixed inS3, the momen-
tum in S3 is not explicitly introduced. The propagation inS3

cannot be described by using this boundary state. We ob
the propagator in the momentum space as

PF~q!s8s
m̂n̂

5 (
NX50

`

d~NX!c̄s8S qs̃Gs̃1 i
Q

a8

1

3!

3el8k8v8G
l8Gk8Gv8Dcs

hm̂n̂

qd̃qd̃1~Q/a8!21MNX

2
.

~54!

This result has a similar form to the propagator in flat spa
time, Eq. ~25!, but it includes an additional contributio
which is proportional to three gamma matrices. It would
interesting if the term could results some interesting p
nomena like fermion pair condensation, but this is not
case. We have to do an additional GSO projection. As can
seen in Eq.~33!, the additional GSO projection on the spin
index can be described as the six-dimensional chirality p
jection. The polarization spinorcs should satisfy appropriate
chirality conditions. The final result can be described as f
lows, not explicitly includingcs, but using projection opera
tors:
PF~q!m̂n̂55
(

NX50

`

d~NX!•
16G11

2
•

17g6

2
•

qs̄Gs̄hm̄n̄

qd̃qd̃1S Q

a8D
2

1MNX

2

•

16g6

2
•

17G11

2

(
NX50

`

d~NX!•
16G11

2
•

16g6

2
•

qs̄Gs̄hmn

qd̃qd̃1S Q

a8D
2

1MNX

2

•

17g6

2
•

17G11

2

~55!
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for type IIA and type IIB theories, respectively in sig
whereg6[G0G1

•••G5 andG115G0G1
•••G9.

The lightest (NX50) propagation modes can be unde
stood as the components of the supermultiplets in
dimensionalN5(2,0) and N5(1,1) supergravity theories
for type IIA and type IIB theories, respectively. Note th
there are no propagators of the fields in SO(4)~local Lor-
entz! spinor representations withGm (m56,7,8,9) in the nu-
merator, which is consistent with the arguments on the
mion zero modes in the fivebrane background of low-ene
supergravity theories; namely, the existence of four ferm
zero modes in nontrivial four-dimensional spaceWk

(4) means
that there are no propagators~or two-point functions! in
SO(4) spinor representations, if we believe the path inte
formalism for quantization.

In the case of type IIA~IIB ! theory andNX50, the propa-
gator of the first line of Eq.~55! corresponds to the propa
gations of one complex six-dimensional spin 3/2 graviti
and one complex six-dimensional spin 1/2 dilatino in theN
5(2,0) @N5(1,1)# supergravity multiplet. Another pair o
the gravitino and dilatino in the supergravity multiplet shou
be supplied from the RNS sector. The propagator of the s
ond line of Eq.~55! corresponds to the propagations of fo
complex spin 1/2 spinor fields in twoN5(2,0) tensor mul-
tiplets @two N5(1,1) vector multiplets# of the supergravity
theory. The RNS sector gives the fermion components of
otherN5(2,0) tensor multiplets@two N5(1,1) vector mul-
tiplets#.

Note that the propagator obtained correctly describes
propagation around a certain distance from the position
the fivebrane. The magnitude of the value of the dilaton fi
becomes large near and far away from the position of
fivebrane@see Eq.~2! with e2F050 andn5k12], and the
perturbative calculation on the string coupling~the genus
expansion! does not give correct results. Therefore, the s
dimensional system mentioned in the previous paragrap
not the one confined in the fivebrane, but the system of
bulk with a distance aroundAa8(k12) away from the place
of the fivebrane.

V. CONCLUSIONS

We have calculated the fermion propagators in the fi
brane background of type IIA and type IIB string theorie
s

p
ma

s

02600
-

r-
y
n

al

c-

o

e
f

d
e

-
is
e

-
.

The world-sheet conformal field theory is the combination
the SU(2)k WZW model and linear-dilaton theory, whic
describes the nontrivial four-dimensional space, and
theory corresponding to the six-dimensional flat Minkows
space-time. The Kacˇ-Moody level k has been taken as a
even and large number for the ten-dimensional space-t
interpretation. The tree-level calculation is effective at a d
tance aroundAa8(k12) away from the position of the five
brane, where the magnitude of the value of the dilaton fi
is small.

The form of the obtained propagator is simple, and
lightest propagating modes can be understood as the com
nents of the supermultiplets in six-dimensionalN52 super-
gravity theories. The fact that there are no propagations
the fields in SO(4)~local Lorentz! spinor representations i
consistent with the arguments about the fermion zero mo
in low-energy supergravity theories. No signature of the f
mion pair condensation has been found, which is also c
sistent with the arguments about the fermion zero mode
low-energy effective theories.

It might be interesting to attempt a similar calculation
heterotic string theory. From the arguments about the
mion zero modes in the low-energy supergravity theory,
pair condensations of gravitinos, dilatinos, and gauginos
expected. Although it is difficult to construct the sour
boundary state for gravitinos and dilatinos without destro
ing the Dirichlet boundary condition, it is possible to co
struct the appropriate boundary state for gauginos. The
mation of the gaugino condensation in the low-ener
supergravity theory can be understood as the instanton e
at the semiclassical level. It might be interesting to ask
question how the semiclassical effect in the low-energy
fective theory is described in the string world-sheet theor
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