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direction, in agreement with effective field theory expectations.
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1 Introduction

D-branes appear to be a powerful tool for engineering gauge theories upon their embedding
in higher dimensional spaces. Of greatest importance for relating to the real world are
configurations with softly broken supersymmetric low energy effective field theories. A
simple way to achieve such a breaking is to introduce a magnetic field which, due to the
different couplings with the spins, induces a mass splitting between fermions with different
chiralities and with bosons [1, 2]. The same splitting can be mapped upon T-duality into
branes intersecting at angles [3, 4], providing a simple geometrical description.

A supersymmetric vacuum can be obtained through a specific choice of intersection
angles between D-branes. Then, a breaking of supersymmetry with a size parametrically
smaller than the string scale can be obtained by choosing the angles (or the magnetic
fluxes) slightly away from their supersymmetric values [5-13]. At tree-level, this breaking
appears as mass shifts in the spectrum of open strings localised at the brane intersections.
Through radiative corrections, the breaking is communicated to the other states living on
the brane world-volume. We will carry out here an explicit computation of such effects.
We will be particularly interested in the induced masses for the adjoint representations
of the gauge group. Indeed, it is known that this mechanism generates for instance one-
loop Dirac gaugino masses, but some adjoint scalars tend to become tachyonic in the
effective field theory, which is the main obstruction to building an interesting viable model
of supersymmetry breaking.

We will perform the string computation in the case of toroidal compactifications (with
or without orientifold and orbifold projections) as the world-sheet description by free fields
allows the straightforward use of conformal field theory techniques. Considering that the
breaking through a magnetic field can be described as the appearance of a non-vanishing
D-term, we can then compute in the effective field theory the radiative masses generated on
the world-volume. The results depend on the number of supersymmetries that are originally
preserved by the brane intersections before having the small shift in angles that induces
supersymmetry breaking. The mass corrections vanish for an originally N = 1 (written
as N =~ 1 ) sector with non-vanishing intersection angles in the three tori. This is due
to the absence of couplings between the messengers and scalars in adjoint representations
at the one-loop level. The N =~ 2 and N ~ 4 cases correspond to rotating by a small
angle branes that are otherwise parallel in one and three tori, respectively. In these simple
cases, one can derive the one-loop effective potential and read from there the masses of the



adjoint representations. These results will be reproduced explicitly through a string one-
loop vacuum amplitude, and appear accompanied with similar (sub-leading) contributions
from the Kaluza-Klein excitations. At leading order, the obtained mass matrix is traceless,
and signals the presence of a tachyonic direction.

The string computation gives in addition a tree-level closed string divergence in the
ultraviolet limit of the open string channel. We shall show how this is actually a reducible
contribution, matching the expectations from supergravity in the presence of NS-NS tad-
poles through the emission of a massless dilaton and internal metric moduli. These results
are expected to be drastically modified when taking moduli stabilization into account,
causing a shift in the vacuum of the theory and cancellation of the tadpoles.

Beyond expected field theory contributions, it is interesting to find that there is no
extra contribution (at leading order in the supersymmetry breaking parameter expansion)
from the massive string states due to the form of the correlation functions and the boundary
conditions involved in the computation of the amplitude, a feature that needed an explicit
check by writing down the two-point correlation functions.

The paper is organised as follows. In section 2 we describe a simple string set-up that
allows to perform simultaneously both explicit string and effective field theory computa-
tions. In section 3 we explicitly compute the result from the one-loop effective potential
within the low energy effective gauge theory. Section 4 introduces some basic vertex opera-
tors, correlation and partition functions used later on. Section 5 shows the string derivation
of the results of section 3. Section 6 discusses how masses can arise from string two-point
functions. The contributions to the amplitude that cannot be determined from the effec-
tive potential are then explicitly derived in section 7, showing that they come purely from
light (massless) closed string states. The effective potential results (arising from the open
string channel) are reproduced via a string two-point function calculation in section 8.
Section 9 investigates the ubiquitous presence of a tachyonic direction. The closed string
contribution is exactly matched with the effective supergravity expectation in section 10.
An appendix A provides a detailed calculation of the field theory limit of the N = 2 case,
showing how the different feynman diagram contributions arise from the string amplitude.

2 The string set-up

In intersecting brane models on tori, adjoint fields arise as position and wilson line moduli
of branes. We can determine their kinetic terms and couplings to closed string fields by
examination of the Dirac-Born-Infeld action; indeed, in the case that the intersection of two
branes preserves two or four supersymmetries, the latter determine the adjoint couplings
to the non-chiral states stretched between the branes. If we deform the intersection angles
by a small amount then a mass is generated for some of these adjoints, which can be
calculated in the low energy field theory. This can be done either by computing diagrams
or by an effective potential calculation; we shall choose the latter, since the computation
can be done purely from the spectrum.

The background will be T? x T3 x T3 with radii RY, R},i = 1,2,3. We then define
the Kihler modulus of the torus to be T9 = le + iTQj = iR{Ré sina?, where « is the



angle between the axes .(We shall generally take it to be 7/2 for simplicity). The complex

i
structure is given by gf e L; is the length of the open strings, given in terms of the
1

wrapping numbers n;,m; by

L, :QW\/U% Ind + miUI|2 = 271\/(713)2(}2{)2 + (m7)2(R%)? + 2nimIi R] R} cosad.  (2.1)
2

We shall also need the quantity
Vi =LJ/2nm, (2.2)

which is an effective radial parameter; if the brane is aligned along one of the axes of a
torus, then this is just the radius of the corresponding torus. The reason for the definition
is that this is the quantity that appears in Kaluza-Klein momenta.

Consider two branes a and b intersecting at angle ﬂ'ﬂéb in the " torus, breaking
supersymmetry by a small amount such that the angles obey

3
> 0k, =2 (2.3)
i=1

If the angles are such that when e = 0 they obey 6%, ¢ {0,1} V4, this is an almost N = 1
sector, or N = 1 for short; in this case the adjoints do not have renormalizable couplings

to matter fields and the field theory effective potential generates no mass for them. If
i, € {0,1} Vi this is an N ~ 4 sector. If ¢, € {0,1} §i7 957I% ¢ 10,1} we call this an

»Yab ' 7ab
N = 2 sector. Here there are two cases: either 6!, = 2¢ for some 4, which must be treated

similarly to an N = 1 sector; or %, € {0,1}. We shall define the intersection number

k[T #0

Ly, = (ngmy — nymy). (2.4)

k ok

where n¥, m* are the number of times that the RY, R% cycles are wrapped in the k torus

respectively. These are naturally related to the angles, for example via the identity
that for Ifb #£0

VaVe Ly Iy

= . 2.5
T sinmf¥,  |sinmdk,| (2:5)

3 Adjoint scalar masses from the low energy theory

Here we present what can be calculated from a field theory point of view using the spectrum
and the Coleman-Weinberg potential, before reproducing these results via string theory and
then calculating the masses from ultra-violet effects.



Rep (1,-1) (-1,1)

Vector € €
LH Gaugino 2¢ 0
(131’2 €
Ds 3e —€
02 —€ 3e
\11172 0 2¢
Uy 2e 0

Table 1. o/ M2 for N = 4 sectors.

3.1 N=4

This case is essentially T-dual to the model considered by [1]. It has subsequently been used
to study inflation in, for example, [14, 15]. We determine the effective potential by analyzing
the spectrum of states stretched between the two branes. They fall into bifundamental
representations (1,,—13) + (=14, 1) of the U(1)s on each brane. The spectrum is given
by three factors:

M? = M2 + 2nle|/a’ + M? (3.1)

where n = 0,1,2,.... denotes the number of pseudo-zero-mode operator insertions corre-
sponding to the multiplicity of Landau levels (i.e. the bosonic operators! ae,ai - in the
limit € = 0 the torus decompactifies and these become momentum modes); M? depends
upon the Lorentz representation as given in table 1. Without loss of generality we take
HZb = 2, H;b = ng = 0 and so there are three complex scalars ®;, their would-be fermionic
2
47r2y(o/)2
mass due to open string stretching between the branes of a distance y, plus winding masses

superpartners ¥;, a vector and gaugino. Then Mg = + ... is the (supersymmetric)

and Kaluza-Klein masses in other tori; the full expression is

Mg = Mg (j)

j=1,2
j
nj . (miTy oy
V; +Z< a'V; * 2770/)

2
(3.2)

7j=1.2

where nj, m; are respectively the Kaluza-Klein and winding numbers in the 4t torus.

We can then calculate the Coleman-Weinberg effective potential. To do this we note [1]
StrM?™ = 0 for n < 4, but we expect O(1/|e|) levels below the string scale, or O(a/ M?/2|e|)

'These operators were labelled ag, o, in [1].



below a cutoff scale M2, so the potential should be O(e*). This follows from:

647°V = L] Y Y > StrM;log M

j=12n;m; n

MS
DYDY Zsu< 0 1 3l >+

j=12n;m; n

= —dlIy| > Z 2 40 2( (2,0/ MZ /2|e])

7j=1 2nj,mJ

= —2|Ig| Z Z M2 + O(e ) (3.3)

7j=1 2nj,mJ

Since this is always negative and diverges as Mg — 0 we can infer that the system will
inevitably be unstable.

3.2 N=2

From the effective field theory perspective, the only N & 2 sector we can consider has one
angle equal to zero, so that the branes are parallel in the j** torus. However, this is much
simpler than the IV & 4 case, as there is no tower of light states. Here the low energy theory
consists of a non-chiral pair of superfields with a D-term induced on one U(1) by the brane
rotation; the scalar masses are split by +¢/a’ while the fermions have no supersymmetry

breaking masses. We can thus determine the effective potential to be

BV =Ll 3 (MF0) + /! losIMF() + e/

+ (Mg (j) — ¢/a')? log[Mg (j) — ¢/a’] = 2Mg (j) log M (j)
€\2 1 €\4
—[I] 3 (3+2logM02(j))(a/) = 6210 <a,> . (3.4)

A closed form expression for the sum in terms of theta functions will be given in section 5.

3.3 Tadpoles and adjoint scalar masses

In the supersymmetric case, supersymmetry determines the strength of the coupling be-
tween the adjoints and the messenger states. This allows us to use the above effective
potential computation to determine the adjoint scalar masses for the adjoints in directions
where the branes are parallel by taking derivatives. Labeling the three complex adjoints

as X7, one has:

2

,Tj
Mo() n; +Z.<mj 2 4 ya>+\/292J (3.5)

Vj v




Clearly, it is wise to consider separately the real and imaginary components; write ¥/ =

\/2(2] + ’LEJ) so that

2 j 2
n; ; m;T. Yj ;
205\ — J Y 752 J DA
Mq(j) <v‘+g 1) +<o/vj oy e

J
A1 Mg (5) (VJ +92J1>
i
OEME(j) = 247
.Tj
M (j) = 9<mfv + +92J>
03 MZ(j) = 24

Then, we can obtain the derivatives of the potential at zero adjoint vevs.

3.3.1 N = 2 sectors

The single derivatives of the potential give singlet tadpoles:

Qge
81‘/_1677 )2 Z VM2_

mJT2 + yj/
2

2g€? a'V; o
0V =
2 1671 ( 2 Z MO2

R

(3.6)

(3.7)

They also receive other contributions from closed string exchange. However, note that they

obey the property
RV (—y;) = =0V (y;),

(3.8)

and thus we can cancel these potentially dangerous contributions by arranging for the

supersymmetry breaking brane to have an image brane at the same but opposite distance

from the “visible” brane. This is indeed automatic in the presence of an orientifold.

We can now calculate the mass terms by taking second derivatives of the potential:

2 2e? A w N (Y
alv_m*w? 2 Z M4[< +2m/> - <Vj> }

(3.9)

We see that the field theory contributions from N = 2 sectors inevitably lead to a tachyon,

N=2
XIR

2
since there are two states of opposite squared-masses :I:16 4 ( e

We note that the

sums above are well-defined in the full string amplitude; we shall give closed-form expres-

sions for them in section 8.



3.3.2

In this case we can take derivatives with respect to four real adjoints.
for simplicity V@&5kD = a;%aﬂzéagfaggv and recalling that V =

N =~ 4 sectors

—3%2(&,)3(1\‘;(';(1”]\/13(2)) + ..., we have for the tadpoles:
1V (1.0,00)
1/(0.1,0,0) !Iab\ ) Z [m/lgf
v (0.0,1,0) _
(0,0,01) _ Ly | Z [m?g’;

We have define

le]?
T 3272 ()3 MR +-

U1
2ma/

Y2
. 1
2770/] (3.10)

These obey the same property as the N ~ 2 sectors of changing sign upon reflection of y;,

and thus in the presence of an orientifold we expect them to cancel in the same way.

For the mass terms, we obtain:

1 (20,0,0) _

V(l,l,O,O)
V(l,O,l,O)
V(I,0,0,l)

V(O,?,0,0)
V(O,l,l,O)
V(O,l,O,l)
V(0,0,2,0)

V(O’O’l’l)

7 (0002) _

Let us define

le]? \fab!
327‘r 3 Z ) +MO
=0
=0
=0
e | Y m1T2 Y1 2 2
M,
3272 () 3 o'V * 27To/) + Mo
=0
_ le[? ’Iab\ Z msz Y1 maTs i
3271' "3 o'Vy 2770/ Vs 2w
|€]3[ Iap | [
—4 M?
3272( 32 I (Vz) Mo
=0
e ’ ‘Iab’ [ m2T22 Y2 2 2
—4 Mg . 3.11
32m2( Z I (O/VQ T orey) M (3:-11)
n
A = (Vi)
Ty Y1 )
A2 = ( o' Vy 2wl
n
Agy = (Vz)
moT3 Y2
A z( ) 12
22 a'Vy 2ma/ (3.12)



then we have a mass matrix

3 2
2 _ le|° g% Lap] N~4
Mip = 39,20/ Xir (3.13)
where
2
N=x4 __
Xigt= ) MS(a’)2 X
ni,mi,n2,ma
AR+ A5+ A3, 0 0 0
—314{1
0 AT+ A+ A3, 0 —A1 2455
—3A42
b2 , ) ) (3.14)
0 0 A171 + A172 + A272 0
—31431
0 —A1 2455 0 A?.; + A%_Q + Ag_’l

—343,

The above sums are dominated by their zero modes, so that we have non-negative
squared-masses for X1 and %2. However, since the matrix has zero trace, there must be at
least one negative eigenvalue if the mass-matrix is non-trivial. Since we require y # 0 to
avoid tachyonic messengers, this will generically be the case.

4 String CFT basics for intersecting branes

To start our string computations, we require some background material; the reader is also
referred to [16-23]. In all sections except 10 we shall take the metric toben = (—1,1,1,...).

Throughout we shall take the annulus world-sheet to be [0,1/2] x [0,it/2]. For a given
1
V2
must satisfy Neumann boundary conditions along X; (9,X; = 0) and Dirichlet boundary

complex direction X = _(X;+iX5) let us align one brane along the direction X;. Then we

on Xo (0; X9 =0). For w = o + i7, this corresponds to

(0+0)X1 =0

(0—-0)Xy=0 (4.1)
which can be rewritten

0X +0X =0

0X +0X =0. (4.2)

The above is valid for both boundaries if the second brane is parallel to the first.
However, suppose instead that we have tilted the branes at an angle, so that we have
Oy (cos mO X7 + sinmhXs) = 0 = O, (—sinmhX; + cosmhX5). Then, we have

eT™9X 4+ e™HX =0
EOX + e ™HX =0. (4.3)



If this is at the boundary Re(w) = 1/2, we can use the doubling trick

~} 0X(w), Re(w)>0
0x = { —0X (w), Re(w) <0 (4.4)
and
~} 0X(w), Re(w)>0
0X = { _9X (w), Re(w) < 0 (45)
to obtain

0X (w) = 09X (w — 1)
OX (w) = e 99X (w —1). (4.6)
4.1 Partition functions

Here we present the partition functions that we will need. The non-compact dimensions,
together with the super-reparametrization ghosts, contribute in the spin-structure v =

{1,2,3,4}:

1 9y
z,' = (4m2a't)? 773(155/)2) (47)

In one compact complex dimension j where the two branes are parallel, the partition
function is

07, =0 ﬁu
. (4.8)

where the classical piece is given by

3./

_gi 4realt

Zgl: g d = g exp[— 12
J

s UV R

J o . T |2

‘ Tymy 1y Lj
nJ+Z / 2/
« 4ty

] , (4.9)

with y; the separation distance of the branes in the perpendicular direction.

When the branes are not parallel, the partition function is

i - 9,(07 it )2
Z00 —ips, ' /2 (4.10)
ﬁl(ﬂabzt/2)
where [ gb is the number of intersections between the branes in that torus.
The total partition function is given by
4 3 3
1 1 9,(0) ok
5,7 = p Z,%
22 1:[ (472 a’t)QQZ n3(it/2) H
11 2
= Z(t it/2). 4.11
(4m2a/t)? 2 ( )Z zt/2 kl—Il bl /2) (4.11)



where 9, = {1,—1,1,—1} and we have also defined for future use a function Z(¢) which is
related to the internal bosonic contribution to the partition function. We will require the
Jacobi identity

4 4
> 6 [T 0lan) =2]] 01(a) (4.12)
k=1 k=1

14

where x| = %($1+x2+x3+$4), zh = ;(xl + 9 — x5 —x4), ThH = ;(.%'1—$2+$3—.%'4) and

xy = ;(3:1 — 9 — X3+ 14).

4.2 Basic correlators for parallel branes

Let us consider first parallel branes, where there is a zero mode. In turn, we must treat
compact and non-compact dimensions separately.

4.2.1 Non-compact dimensions

Here we shall simply give general correlators for non-compact dimensions with Neumann
or Dirichlet boundary conditions. These can be obtained from the standard expression on
the covering torus via the doubling trick:

1

(Xi(2)Xi(w)ha =, |{Xi(2) Xs(w))r £ (Xi(1 = 2)Xi(w))T

where the upper (lower) sign is for Neumann (Dirichlet) boundary conditions, and the
subscripts A, 7 denote the world-sheets annulus and torus, respectively. Let us say that
X1 obeys Neumann boundary conditions, and Xo Dirichlet. Then, the corresponding
non-vanishing correlators involve tangential or normal derivatives: 8, X; < X; = (0 —
0)X;, 0, X; = (0 + 0)X;. In terms of elliptic theta functions

it
191(2) 51911(2, 2)
=2 Z(—l)"e("_l/Q)Qm/2 sin(2n + 1)miz
n=0
—2¢ /8 sin iz H (1 — e ™M)(1 — e 2™ ™M) (1 — 22 ™M) (4.14)
m=1
we have
, 8ma/
(0: X10: X1) |22z = — 20/ 0,0y log V1 (z — w) + ;
(00 X920, X2)| .=, = — 20/ 0,0, log V1 (2 — w) (4.15)

Note that to restore the metric these should be multiplied by 7;;; for spacelike dimensions

since we are taking n = (—1,1,1,...) this will always be one.

,10,



These often appear integrated over z. Observing that

iz —wtit/2) H-w) _
Iz —wit)2)  (z—w) (4.16)

we have

it/2 / 1ol (. it/2
/ dz—ozé@@wlogﬁl(z—w):[a U1l w)]
0

2 (2 —w) ],
=—ad/mi
2mal it
= — . 4.1
t 2 (4.17)
Hence, we see
it/2
/ dz<87X137X1> =0
0
it)2
/ dz(0, X920, Xo) = — 4mdi. (4.18)
0

4.2.2 Compact dimensions

We will require the correlators for compact dimensions, and therefore the zero modes on the
torus may only take specific values. These are given by the classical part of the amplitude;
we split X = X + Xy, and note that, since (X,,) = 0, there are no mixed correlators and
we have separate “quantum” and “classical” correlators (X' X")y+ (X"X"),,. Thus for the
quantum amplitude the zero mode should be excluded even in the Neumann directions,
and we can write

(0: X10: X1) quls=—2 = — 20/0,0,, log ¥ (z — w)
(00 X20,X2) qu|s=—» = — 20/ 0,0, log V1 (2 — w)

(0X(2)0X (w))gqu = — 02/ 0,0y log 01(z — w)
(0X(2)0X (w))qu =0 (4.19)

and thus
it/2
/ d2<({97—X187X1>qu = — 47‘('0/1'
0
it)2
/ dz {0y, X920, X2) qu = — 4mai
0
it/2
/ dz(0X0X) gy = — imd/
0

it)2
/ d2(0X0X gy =0. (4.20)
0

— 11 —



Now the classical pieces (for complex coordinates on the torus j) are given by (see
e.g. [16-20])

w o+ )
1 o T2j yJ
= \/2271' [njVj —|—Z<mj v, + 277)]
, ,
0X7, = ;2%[—@% +z<mj€f + g;)}
0X7 =—0X7,
0x7, = — X7, (4.21)

0X7 =

where the wrapping/Kaluza-Klein numbers n;, m; are those appearing in the classical ac-
tion Z?,. Hence we can write, since 0X = 90Xy + 0Xq and (0Xg,) =0

it/2 , , it/2 . A , ,
/ dz(0X70X7) = / d2(0X70X”) g + (0X70X7)
0 0

. 2 [ o(d)? T2j AW
= > [—mo/—i-ﬂ zt<nj 2 + <mjvj + o

nj,m;
/ J j 2
. T, 'V
X exp [— VJZ nj + z(mj o + el , (4.22)
and
it/2 - it/2 S o
/ dz(0X70X7) :/ dz(0X70X7) gy + (0X70X7 )
0 0
/ J j 2 :
= Z ™ zt[nij —|—z<mjL2j + 47T2>] e e
ng,m;
N2 J g\ 2 )
_ 2. [ 2(d) T3 v -7
= Z T zt<nj V2 oo <mj v, + o e el (4.23)
M5,y J
where the classical action is Sgl = —27fa, 8Xgl3X gl, given in the exponent of eq. (4.22)

4.3 Basic correlators for non-parallel branes

For non-parallel branes, there is no zero mode and the correlators of the derivatives are just
equal to those on the covering torus. The Green functions (meaning here (0X (2)0X (w)))
can then be determined similarly to that for orbifolds given in [16-18, 21-23]; they must
satisfy:

GeT(z—w—l—T) :Gg(z—w) ,
Gl (z—w+1)=e>GT (2 —w) (4.24)
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and

. o /2
2}% G (z—w) ~ _(z —/w)

To construct them, note that for f(z) = e>™%9, (2 + it /2),
f(Z 4+ 1) - _ 627ri€f(z)
fz+it)2) = — ™22 f(2) (4.26)

, —dZ, 1{T(0)) . (4.25)

and consider the function:

T oy« e2m0(E=w)g) (2 —w + 0it/2)  9,(0)
Gy (z—w) = 5 8Z[ 91 (0it/2) 9z —w)| " (4.27)
Clearly it has the correct periodicity, and expanding around (z — w) ~ 0 we find
- o2 o e 190(0it/2)  197(0) 9, (0it/2)
—w) ~ — -2 — 2 . (4.2
Gy (z-w) —w) 2\ O g 0its2) " 69,00 T2 9, (0it)2) (4.28)
Comparing it to the twisted partition function
exp[m60%t/2]n(it/2)
log Zy =041
at 0g Ly 815 0og |: 01(92t/2)
9! (0)1/3
= /241 !
8t{779 t/2 +log 9,(0it)2)
/ . " / .
_ 17192 B 9i/2791(92,t/2) 1 [167(0) B 61(92.t/2)
v1(0it/2)  8m |3 601(0)  601(0it/2)
B 1 919 9 (0it/2)  1077(0)  167(9it/2)
=y [ 20T 2mil 0it2) 6. 01(0) T 201(0it/2) (429)

and noting that Re (Z;,/(T(0))) = 270; log Z, we find complete agreement. Hence we
have

(0X (2)0X (w)) = Z1,GE (2 — w).
(0X(2)0X (w)) =0. (4.30)

Crucially, the first term is a derivative of a periodic function on the boundary of the
annulus, and is vanishing upon integration:

/ " dz(0X (2)9X (0)) = 0. (4.31)
0

4.4 Vertex operators

The vertex operator associated to a scalar in the adjoint representation reads

VY =2g (o/(k )W 4 z'aXi>, (4.32)
and corresponds to the gauge boson vertex normalization

V)= g< — XH* 4 2di(k - zp)w> (4.33)

where we neglect Chan-Paton factors.
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5 Effective potential

For adjoint scalars associated with moduli Wilson lines, the one-loop induced mass can be
extracted from the effective potential. The string vacuum amplitude is given by

Ao = (1) :i/ooo ;ii (4ﬂ2l(x’t)2tr/(eXp[_7TtL0]) (5.1)

which gives the effective potential via V' = iAy; it matches the Coleman-Weinberg result
when we recall that Lo = o/ Hy and substitute o/nt — ¢:

1<
=— —tHy)). 2
Ve, /O Ot (expl 1 Ho)) (5.2)

However, for string computations we require the form

Vo= 327721( /dtzfs Z,(it)2) (5.3)

where we have now included the sum over spin structures and the factor of 1/2 from the
GSO projection. To compute the contribution to the potential V,;, for states stretched
between two branes a and b we must also include both orientations of the string, which
introduces a factor of two, giving

(0) .
Vi = — 16774 / Za Z 773(; /)2)]}'[@(95,)“/2)

=1

3(it/2

where we have used Z(t) as defined in equation (4.11).

. 3
= — 167741(0/)2 / f;z(t) 791(ezt)) H 91((6, — €)it/2) (5.4)

As the simplest case, consider IV = 2 sectors where the branes are parallel in one, the
4t torus. Here, the low energy gauge theory consists of a non-chiral pair of superfields
charged under a U(1) with non-vanishing D-term induced by the brane rotation; the scalar
masses for states localised at the brane intersections are then split by +e/a’ while the
fermions have no supersymmetry breaking masses.

The string computation gives

Vews — 1 /°° dt 1 91(eit/2)?91((0 + €)it/2)01((—e — 0)it/2)
Nm2 7 0ab | (Am2at)2 nB(it)/2)01 ((0 + 2€)it/2)0 ((—0)it/2) ¢

2 ) dt ;
1 Z
~| ab|167r2(0/)2 /7r/a'A2 t e

62 > dt 77rta’Mg
= Mabl o o0 g €
167 (Oé) 1/7ra/A2 t

2

16 ( )2 ’Iab‘ 1Og MO /A2 (55)

where Zgl is defined in (4.9), My is that defined in (3.2), and we see that we obtain perfect
agreement with the field theory result (3.4).
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In fact, by transforming to the closed string channel we can give a closed form expres-
sion for the N &~ 2 potential in terms of elliptic functions. For later convenience, recall the

definition in equation (3.5) of M = |$§ +i <7Z?5]2J + 27%@) +1/2g%7|? for given Kaluza-Klein

and winding numbers n,m including an adjoint vev ¥ = \/ (31 +1%2); then the full string
computation gives

2 00

€ ’Iab‘ dt — 7t IM2
Vias = — mta’ Mg (n,m)
NA2 T T 6m2 ()2 ; t°

/ 2 yiVi /
J / Ne? / : / . / 277 « .
anrl gmj{ —271 |:nngJ21+mj<27r ng ggVJEQ)}

2 9 V2
_ ’Iab‘ / E : V] 67 alt
1672( — T3
n’,m;

Y
Lyl o exp[ 271 <n gVi% +m/; (2]TJJ 4+ @ T gV 22)>:|
1672(a’)? TQJ nzm
377

(5.6)

J

/ sl )
nj—i-zTQ]m

This expression is convergent and can then be written compactly as

YjVj 'TQj
62|I b| Y V 2 01<\/29V E—’_ZQWO{/’ o > 2
VNao = “ -2 . J Y I , . (5.7
ver = sorsys | gy (s + 942%2) 1 (i) "
a/

Clearly this reduces to the field theory limit when y;V; < 2ma’. However, some caution

should be exercised with this function: the reader should bear in mind that it will be mod-
ified when closed-string tadpoles are removed, in particular the piece in rounded brackets.

6 Masses from string two-point amplitudes

For string amplitudes that are proportional to k2, there are three ways that a mass term
(finite when k2 — 0) can be generated. Firstly, and most commonly, is the closed string
channel. As t — 0 the amplitude becomes ~ k? fﬁx(z) where x(z) = (e X(2)e=k-X(0)).
writing ¢ = 1/I this becomes ~ k? [dlx(z). This is the form found, for example, in
generating masses for U(1) gauge bosons (or adjoints) where the operators are on opposite
boundaries [24-27]; in this case

1 - /
x<2 + z':ct/2> 1200, omalk? (6.1)

and A = k? faoo dle=mk* W}J,. Such masses correspond to tree-level closed string
exchange. However, since these contribute only to U(1) gauge bosons and adjoint singlets
we shall not be interested in these contributions. Rather, we shall consider the contributions
where the vertex operators are on the same boundary. In this case, the above regulation
of the amplitude is not possible; instead

x(iz/20) LN (2sin 7m)_20‘/k2 (6.2)
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and so if there is a prefactor of k? masses are not generated in this way; instead we have
a tadpole. The presence of such tadpoles indicates a false vacuum; they can either be
removed by calculating in the true vacuum, or in principle by summing all contributions
in the false vacuum [28-30]. We shall simply keep track of them by defining

o
K =/ k? / dl (6.3)
0
as the coeflicient of these, so that the amplitude can be written
AD —iApyv K + ... (64)

Note that we could regulate such amplitudes by including a mass M for the closed string
states; then we would write

o
K —>7To/k:2/ dle=m' M2l
0

k‘2
= g2 (6.5)
A second source of masses can occur as t — oo if the amplitude behaves as A ~
k2 [ dtx(z); this corresponds to massless states in the loop, and is somewhat uncommon,
although it was found in [22, 23].

Finally we can have world-sheet poles. Single poles give us momentum poles via

V(21 — 22) 2k C_9a/k? 1
/d(zl _22)< 1@1(@) 2 ) N/d(zl i P PR G

whereas double poles do not contribute as k> — 0 due to analytic continuation in k2. Our
amplitudes will superficially appear to have both double and single poles. However, there
may be poles both at z; = 29 and z; = it/2 + 29, and in principle they could cancel. We
can write our amplitudes as

it/2 it/4
= [ag) [ der@) =g [ s 1)+ sit/2 -2 (6.7)

and the single poles may cancel between the two contributions. In fact, all of our amplitudes
are periodic in z — z + it/2, giving rise to

it)4
A= / dtg(1) /O 0z [f(2) + f(~2)]. (6.8)

Below, we will find that
V1 (z + €it/2)?
U1 (2)?

which will be the generic case for our non-supersymmetric amplitudes. Moreover, we will

f(z) = x(2)e'me? (6.9)

be able to write

h(z)01(0)?
1 Lo (6.10)
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Using the fact that x(z) is even, we see that

12 2h(0)

f) +f(=2) ~x(2)" 57 +0() (6.11)

z
and so there is a double pole, which gives vanishing contribution by the usual left-right
conformal regularization, but no single pole. Therefore there are no world-sheet poles in
our amplitudes, apart from the UV ones. Note that the above reasoning would break down
for non-periodic amplitudes.

7 Stringy contributions to adjoint scalar masses?

Here we would like to see if there can be any specifically stringy contributions to adjoint
scalar masses, that cannot be reproduced from the Coleman-Weinberg potential. For this
we need to calculate two 2-point amplitudes involving the scalars %

it/2 r ) )
Ass == [ it [ [0 @0x0 0]
2 it/2 r ) )
A== [ gt [ 42 |10X° 007 0.
2 it/2 r ) .
- —92 / 2 1t 1(0/ / dzx(2) _4<6Xz(z)6XZ(O)>

— 4(a)K* (W (2)9 ()><‘1”'(Z)‘I’i(0)>} (7.1)

In the first line there is no (UW7) contribution, nor quantum part to the (9X?9X*) ampli-
tude. Note that amplitudes Asyiy;#i, Azizj;&i
part (the quantum part of the amplitudes is zero) which corresponds to a contribution
that can be understood from the field theory; these shall be dealt with in section 8. In this
section we shall calculate the above amplitudes with i = j.

only contribute because they have a classical

7.1 The contribution from world-sheet fermions

Let us first deal with the world-sheet-fermionic contribution:

it/2 ' ,
ar =2t [ o [ e @uEeo) o)
:292k2/dt 1 (79/1(0))22)(’5) /Olt/QdZX(Z)BQM%bZ

2167t 73 (it/2

X Z Y 9,(2)0, (2 + 0Lyit /2)0,, (67t /2)0,, (0%t /2)
v#1
=AY 4 AV, (7.2)
niy’ niy’

,17,



where we have defined

dt 1 (9,(0)22(t)
Yo _o, 272 1
At S20°F / 21674 13(it/2)

it/2 . 19 o
X / dzy(z)e2 > V1(z + eit/2)0:1(z 4; (08, — €)it/2)
0 191(2)

01((0], — €)it/2)i1 (0%, — e)it/2)

v _ o0 [dt 1 (91(0)2Z(t) ) i k.
AEiEi - 9 k /tQ 167-‘-4 n3(2t/2) 191(9ablt/2)191(9ab2t/2)

/2 o 2 01(2)01(z + 04,0t /2)
X dzx(2)e? 0wz ! ab 7.3
| e P (73)
For the different cases:
- -1 .
Znalt) = L |0 it/2) (=i)on (eit)| - [] 2]
) J#i
r . . —1
N~ (t) =1gp (—z’)3z91(9;bit/2)191(Hgbit/Q)ﬂl(Hfjbitﬂ)}
ZGinO o [ 3,. N2 i - k- -1 j
N (6) = Ly [0 (i/2) ()01 8kt /200 (Olyit) | 22,
67 M. i . . -1
0 (0) = L [ (1) 01 (85t /2)01 (cit) 01 (0%t 2)] (7.4

where Zgl is the classical contribution defined in equation (4.9).

As there are no world-sheet poles in the above amplitude, let us examine first the
possible infrared singularities, as ¢ — oo. Firstly we see that in the N ~ 4 and N =~ 2 with

2
—ma/ Mgt

some Hib = 0 these are impossible, as Z — ¢ . The other two cases can be treated

as follows:

dt 2 g D1((6), — 9)it/2)91((6F, - e)it/2)

¢ 16727 (/2 D1((67, )it /2)01 (6%, )it /2)

V1(z + €)it/2)91 ((z + 0% — €)it/2)
ﬂl(aébit/Q)ﬂl(xit/Q)Q

dt 2 1/2 i
— — 2ig2k21ab/ / dze T0apt
0

A;QE,. = 2ig? I pk> /
1 @
></ dxx (xit/2)e” ™ar®t
0

t 1672

dt 2 1

9192

— —2igk Iab/ t2 1672 76,
a

— 0. (7.5)
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Also

/dt 2 (it /2)191(9gb¢t/2)191(9§b¢t/2)
1 .
t 167 D1(07,it/2)01 (0%t /2)

, i o V1(zit/2)01((z + 07 ,it/2)
d t/2 w0y, wt ' ab
8 /0 .%'X(.%'Z / )6 ' 191((92”15/2)791 (mit/2)2

dt 2 1/2 i
— —2i92k21ab/ " 16772/0 dze ™apt

dt 2 1
— 2ig’ K1, A
- *9 ab/ t2 1672 70",

— 0. (7.6)

Uy 2272
Azizi_ ng[ab

This corresponds to the fact that these adjoints have no renormalizable couplings to the
corresponding light matter fields.

Now let us consider the closed string poles, transforming to ¢t = 1/1:

Tt
V1 (wit)2,it)2) =i(t/2)"1/? exp[ ) ]ﬂl(x,%l)

2
—i(20)/2 exp [”29; }91(95,211)

n(it/2)° = (21)n(2il)?

— e /2
x(wit/2) — (2sin wz) 2¥F* (7.7)
We can then write
Aijzi = — 2ig?k? / dl16i2n3(2il)2(l)791(9gb — )1 (6, — )
! V1 (2 + €)1 (x + 0%, —

X /0 dzy(z) 1(z 6)7911((5)2 ab —€)
AL =i [ e Z)0,60,) 0 6)

X /0 ldxxu)ﬂl(x)gj((f)j %b)a (7.8)

where we have defined Z(1) = (21)3/2Z(t). Now as t — 0,

. 1 L2 % ol yiL;
J J J L 72 i I
Za = A2t I Z P [_ 471'o/t|n] T TJ | } P [ i 27TT2:|
2 nj,m; 2
V2
—20 7. (7.9)
273
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and so

-1
Zyeall) = Iy [nﬁwzwl@e)} [Ten 'z,
J#i
A -1
NN [n6<2z'l>m<2rer>} 11
i
~ . - 71
Zn~1(l) =1y [191(9217)191(921,)791(9217)]

2
Vi
2T

j -1
~67, =0 . i 177 &j
ZNRg (1) = [773(2”)791(9(117)791(951,)] (21) llébZZl

LT Ve
3 . 7 ] J
S GCCAC RN
- -1
~0J .
200 = Iy [191<9;b>z91<2e>z91<e§b>] (7.10)

In order to determine the UV tadpoles we require the limiting behaviour of the am-
plitude as | — oo; to this end we define

7™ = Jim e ™2 7(1) (7.11)

to obtain

) 4 - . i .
= e [, sy sy

" /1 dmsin m(z + €)sinm(z + 0%, — €)
0 sin(mx)?
K - . ; ) i U sinm(z +€)sinm(z + 01, — )
3y Z%sinm (02, — ¢) sinm(6y, — e)/o dx sin(rz)? @

+ O(k?)

= — 2ig*

(7.12)

containing the closed string tapole contribution K defined in equation (6.3). Then we have

/1 dein m(z +€)sinm(z + 6%, — €)
0 sin(mx)?
_y /1/2 i [sin2 T cos mecos (0, — €) + cos? T sin wesin (0%, — €)
0 sin? 7

= cosmecos (0, — €) — sinmesin (A, — €)

= cosmhl, (7.13)
and thus
4 N , A
Ty .2 . . k 2
Azfzi = —1ig K167T3o/ (8Z°)sinm(0?, — €)sinm(0y, — €) cos mly, + O(k?)
2 ~ , A
v, .2 . . k 2
zilzi =1ig K167T3o/ (82°°) sin w6’ sin w0y, cos w0, + O (k). (7.14)

,20,



Now

~ 00 _ QT : J
8255, =8I%, [2 sm(27re)} H o7
J#L 772
| -1y
~ it |lsnezrol| ] -

JF#i

~1
87551 = Iap [sin(ﬂ'ﬂéb) sin(76?,) Sin(wﬂgb)}

- 2
8Z]°V°,;Zab - [sin(weg ) sin(m6* )] ik Jj
Ty
8Z;,o;g“b7é0 ab [sin(ﬂ'ﬂi ) sin(27e) sin(7H* } (7.15)
It is straightforward to show that for all of the cases
3 Vkyk
- Vivy
8z =] ;’k . (7.16)
k=3 2
Hence
, 4 -~ sin7(—€) sinw(—€) cos 2me 1 V7
N=~4 2 ) J
—i1g°K 1 7.17
AEZE Y 6mar sin(2me) 1;1 Ty (7.17)
JFi
. 2
.AN_N%’ 0,=0 _ K 4 sinm(—e€)sinm(0%, — €) cos ﬂa“bfébfgbvj' (7.18)
iy 16m3a/ sin(w6?,) sin(w6", ) Ty

Most importantly for checking the normalization are the amplitudes that survive in the

supersymmetric limit:

ANEL_ 2 2 » (2sinm (62, — €) sin (6%, — e)— sin 6, sin w0, )cos wo?, (7.19)
ziz’ 1673/ sin(m0?,) sin(7¢?, ) sin(76%,)
and
N=2,00,#0 . o 2
Azzz’ ig K167r30/ I %
2sinm(6?, — €)sinw(6%, — €) — sinwd?, sin 0%,) cos 2
( (0, —€)sinm(07 — €) 76’ sin w6k, ) e (7.20)

sin(27e) sin(ﬂ'ﬂib) sin(m6*,)
In summary the amplitudes involving the worldsheet fermion insertions can only con-
tribute to tadpoles and not to masses for the adjoints.
7.2 The bosonic contribution

Let us now deal with the bosonic contribution, which we define

AX = _92 / dt 1 /zt/2 g )4<8Xi( )8Xi(0)> (7.21)
niy' = 9 2 1674 (a')2 X\ z .
2 3 it/2
9 dt 1 191 €it) |
2 / 2 16774(0/) 3(it/2) H 91((0g, — ©)it/2) /0 d2x(2)4Gy (2).
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Now, due to (4.31) after the integration over z we will have something of order k? due to
the presence of x(z) in the integral. However, we may still obtain a tadpole from ¢t — 0.
For this we need to transform to the closed string channel, noting that in our conventions

01(0) = 2703 (it/2):

e~ ™08 (wit /2 + 0it/2) 9 (0) }

Gos, (2it/2) = 53[ 01 (0it/2) 01 (it /2)

V1 (z + 01,) n3(2il)
= — 4770/12835[ ab 7.22
i (0L,) Vi) ( )
Now consider the behavior as [ — oo:
2mal? sinm(z + 6%))
i it/2 — - . s, 2
Geab(m/ )= sin(70) [ sin(7x) ] (7:23)

Thus

it)2 9 ll2 1 / . 92
/ dZX(Z)GG"b(Mt/Q) o LT )/ dz| sin |2 0, [SIDW(CH- ab):|
0 a ;

2l sin(m6?, sin(mz)

= 2n%i(a/)2 K2 + . .. (7.24)

We can therefore write

2
x _ 9 1 3/2 (g 500 (o7\1/2
Al = — 5 /d1167r4(o/)2 (21)73/2(82°°)(21)'/?2 sin(7e (Hsm )>
X [4772i(a/)2k2(2l)]
. 4 0o
= — 292[(1671'3 (82°°) sin(me (H sin(m (0%, — ¢ )) (7.25)

7.3 Total closed string tadpole

Adding the bosonic and fermionic tadpole contributions, we obtain

AtOt _ —ZQQK

i (82°°) [4 sin 71'(9]b €)sin (0%, — €) cos wh,

1
1673a’

— 2sin ﬂ'ﬂgb sin 0%, cos 70!, + 4sin wesin w(6%, — €) sin W(Gib — €)sin7(0F, — e)]
1 B A o o
N (82°) [ —1 — cos®> w0, + cos? wﬂib#z + cos? WHZZ&]#Z} . (7.26)

~ kyk
Recalling that 82°° = H2:3 V;},j” we can match the above to a supergravity calculation,
2

which shall be done exactly in section 10.
7.4 R-R tadpole cancellation equals two-point tadpole cancellation for super-
symmetric amplitudes

Here we will examine the tadpoles in the supersymmetric case in order to check their can-
cellation, as we expect from consistency of the theory. We shall follow the approach of [31]2

2A related cancellation occurs in the same models for chiral matter states [19, 20].
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and consider the explicit case of the Zs x Zs orientifold. The full tadpole contribution is
Agy o< Nyplyycot(mhl,). (7.27)
The mobius strip contribution to the above is
Agorg X —4Napargliosg cot(ﬂé?goﬁg) (7.28)

where g is an element of any orbifold group, so I J 206g 18 the intersection number of brane
a with the O6g plane in the j* torus and l,o6g = IaOGgIaOGgIaOGg Let us simplify and
consider rectangular tori and the Zy x Z5 orbifold. Then there are four group elements:

{1,0,w,0w}. Let us take i = 3. Then

R3 R3
2 1, 1 1.1 2. 2 2 2 3 3
Aab - Aa/b’ X Nb(namb - nbma)(namb - 7ﬂ"brna) <R3 anb + R3 meMmy

R} R3
2 2 1 2 2 13,3 m3m3
A2, = A%, o< Ny(—nlm} —nimb)(—n2m? — nim? )( 3 MMy — 3 m,my

R3 R3
o 1 1 11 2 2 2 2 1.3 3 3.3
= Np(ngmy, + nymy)(ngmy, + nymg) <R3 NNy — Rgm a

2 Lo o Bl s 5 RS 5 g
AL o<4Nanamanama< NgNp — . 2M mb>

2 2 3R3
A% o & = 32parmgmon; R

R3
2 1,23
Agare X — 32paRrengngny R3

3R3
aR3
3R3
GR?

2
AL QRw X 32parwmlin?

A?L,QR% o 32paRewnim2m (7.29)

Thus in total

Ayy = Z 240 + 2A0y + 2A00 + 2(As0r + Asore + Ao 0Rrw + Aa,QR0w)
b#a

R3
o 4R3 [m m2n3< 16par +Z angnzng’> +nlnind <— 16pare —|—Z meémgn‘z)}
b b
R3 3 3
+ 4R3 [m ma<16pQRw Z anbmbmb)
1
+ n}lmgmz (16;)93% — Z meémzmg’ﬂ
b

=0 (7.30)
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where the vanishing is due to tadpole cancellation, since porgw = PORw = PRI =

—1,por =1 and
Z Nynining =16 Z Nympming = —16
b
Z Nyngmim; = — 16 Z Nympmim; = —16. (7.31)
b b

7.5 Closed string channel contribution for parallel branes

It is clear that for the scalars ¥ in the adjoint representation considered above, the same
formula dictates the XX tadpoles in both tori with parallel and non-parallel branes. How-
ever, for the 33 amplitude, in principle there could have been be other contributions.
Clearly there cannot be any from the fermionic pieces, as the correlator is identically
zero. There remains the quantum and classical parts of the bosonic correlator (0X0X).
Firstly the quantum parts are identical for the real and imaginary components, so they
both contribute only to the 33 mass. This leaves the classical parts, which comprise the
field-theory contribution.

8 Non-stringy contributions to adjoint scalar masses

Here we shall evaluate the masses in directions where Gflb = 0, which can be understood as
masses from the field theory and not as tadpoles. This will involve the field theory limit
of string amplitudes; for more information about this procedure see appendix A and, for
example, [32]. As we pointed out previously, there cannot be any infra-red poles in the
amplitude, and so these must come entirely from the bosonic correlator. Hence we have

2 it/2 ' ‘
Asisi :92 /g 167T41(a,)2/0 dzx(z) [4<8Xl(z)aXZ(0)>d}
2 it/2 A ,
Ay =4 / f;f 167T41(a,)2 /0 doy(2) [4<6X’(z)8XZ(0)>} (8.1)

We compute (noting the extra sign from the partition function)

202 [ dt O (eit/2)291((0 + €)it/2)91 ((—e — 0)it/2) [T/
Aws = 16w4< o e s eyl (o) ], 4O
Q‘Ia

zt/2
- 2 /dt/ 2(0X (2)0X(0))gu + (0X (2)0X(0))

167?4 al)?
2m2e2g \Iab! ao')? 5 oy \’
— dt t —(my
1674( / 27” ’W Miy Fon
i g\
n; +1 (m, 2 + Jivi > ]

o 2md
; 2
2(a)? _ T w
2122 g2 1| i y2 Miy, + on

4 Z ; 2\ 2
1674 (a)2 .z (%(?)2) +< 252 yz)>

ma't
123

xexp[—
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If we now examine the zero mode where n; = m; = 0 (which dominates the amplitude) we
have

222 g?| Ly y?
Asy — —1 167 ()2 dt Y exp — t47ro/
262 Iab’ y2
= dtt —1
' 64m2( / vesp |ty
2¢2g%|1,
61617T2 ab| /dt tar?(a')> ME exp|—tma’ M2]
~2€29 |Iab|

—— 8.3
1167'('2(0/)2 Mg (8.3)

which is the correct result according to the effective potential calculation. Note that the
full expression can also be given in closed form in terms of theta functions by differentiating
equation (5.7) as

2

{0”(—12;;/72% (w z%g‘guz'?)) }] 8.4
—T— ;= i . (8.
191( v iTQ) 191( viVi ZT )

ZZWO/’ o ZQT(O(” o

27‘(’26292’[@5‘

Asy = .
2T 1emi(a) C T

Note that the cancellation of closed string poles when summing over amplitudes will modify
the constant piece. Finally we compute

Ags = o [ [ a0x00x @) + 0X0x O
g [ (5 2))
nri—i(miTQj + yivi) 2]

2ma/
= 0. (8.5)

Note that if we differentiate (5.7) we obtain the same result plus a constant piece. This
arises from the regulation of the closed string tadpoles in the amplitude and so will vanish
when they are cancelled. Examining only the zero mode, we have

2me?g? ) 2. T y?
Asy 16 ( ) /dt[—ma +7 zt4;2] exp [_t47ro/]
2
. €2 g / 2 Yy
= 23272(0/)2 /dt|:—47‘(‘0¢ —|—tyi] exp [_télﬂ'o/} (8.6)

This exactly matches the effective potential calculation.
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9 Masses beyond the leading order

As observed above in section 3, the Coleman-Weinberg IR masses are traceless at the
leading order. This can be seen as a result of the following:

m?) =i Z Ay
=iy’ Z/ £2 167 1(0/ 2 ( Zt/Q))

[—z’m +7 zt( ?((;2) + (mlzz ) >] 1125

=21 922/ 2 1674 ( (Zj‘;”zy(it/z)> [Zil”dt gl} gzkl
:87f§a’/dt{t1+1nn ;52 v(it/2) } (Ht )7 (9.1)

where n|| is the number of parallel directions, equal to 2 for the N ~ 4 case and 0 or 1 for
the N ~ 2 cases. The term in curly brackets is constant to leading order in epsilon, and
so the leading behaviour is given by the limits of Zfl as t — 00,0. Since the branes are
separated, Z fl — 0 exponentially as ¢ — oo, and so any contribution to the trace at leading
order must arise from the closed string channel. However, a contribution Zfl x t71 as
t — 0 is only possible when NS-NS tadpoles are present, otherwise Z fl — 0 exponentially.
So we see that in a consistent model the integral of the constant leading term vanishes.
However, the subleading order in € term will not in general be a constant, and so we expect
a non-zero contribution from the integral. For example, in the N = 4 case we have
1 Sy i Uy (eit/2)*
! ZV: 2 Zu(itf2) = 3 91 (eit)n? (it /2) "™
_ig [(277)3 (91(0)eit /2 + §97'(0)(eit/2)% +...)* ]

37 (97 (0)eit + §97(0)(€it) + ...)07(0)3

~iePinaly 1= (S0 - (“9/1;(!0))2) +o] 2

So we would expect there to be a contribution to the trace at order €’. These do in-
volve string oscillators in the loop and so could not be seen from the field theory, but
unfortunately appear at such a subleading order that it is doubtful that they may be of
phenomenological use.

10 Supergravity derivation

In this section we shall compute the UV divergences appearing in the two-point function
for adjoint scalars via effective supergravity, demonstrating that they are in fact due to the
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presence of NS-NS tadpoles. Note that in this section we shall take our metric conventions
to be " = diag(—1,1,1,1,...). We shall use M, N to denote generic ten-dimensional
indices, we shall write u,v, /v, p,w for 4d ones, «,3,d/, 3, X for compact (6d) indices
tangential to a brane and m,n for compact directions perpendicular to a brane.

What we shall calculate is illustrated as follows. Consider a toy Lagrangian:

L5~ ) @0 + ,00"9) — gD, b0y — bo
— ag(k)ky - kotp (k1) (k2)d(ky + ko + k) — bo(ks)d(ks) (10.1)

Since this contains a tadpole, ¢ = 0 is no longer a solution of the equations of motion, so
we are working in a false vacuum [28-30]. However, if we persist with the above theory
then with a propagator of —i/k3 for ¢ we generate the amplitude for (1)) of

A =2(iaky - k)(~ib) [;ﬁ k3=0 = 2-iak) (1) [;%Z] ks=0

1
= 2iabk? [ (10.2)

5 .
k3 :| k3=0
i.e. the term in square brackets is divergent. To match the factors with the closed string
calculation, imagine regulating the above by adding a mass term for the field ¢; then we
would have

1
A — 2iabk? [ }
]C% + M2 k3=0

2iabk?
—_—
M2
= 2iabk? / dlle M (10.3)
0

where we have written the last line in a suggestive form. To match this to the string
computation, recalling that the partition function in the closed string channel contains
exp|—ml(Lo + Lo)] and so we can write I’ = ma/l and

A — 2iabk? / dimal e ™ M7l
0
=—iApvK, (10.4)

where K = — K, the latter being defined in (6.3). The relative minus sign is to account for
the different metrics we are using, so that the coefficients will be the same; in this section
we shall determine the coefficient Ay from a supergravity calculation.

Let us first derive the relationship between coordinates and adjoints. We start with
the action for the dilaton, two-form and graviton:

1

Sng =
S 2/-@%0

/dlox\/—Ge_Q(q’Jr%) (R + 40y POM ® — ; |H3|2> (10.5)
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where 2x%, = (/)*(27)7 and we have separated out the Dilaton vacuum expectation value
so that g; = e®0, (®) = 0. Then the DBI action for Dp-branes in the string frame is:

Spp1 = —2m(4n2a/)~(PHD/2 / dPLze™ (@420 /_det(G + B + 21/ F). (10.6)

To perform the supergravity calculation, however, it is convenient to transform to the
Einstein frame to separate the graviton and dilaton actions, by writing G = ¢*/2Gg so
that the action becomes

1
SNs =, /dmx\/ GE<RE_ M@ — _<1>‘H3‘2> (10.7)
"11095

Spp1 = — 2mgs (47720/)7(”“)/2 / dp“xe(p’:”q’/‘*\/—det(GE + e~®/2B + le—®/2F).
Now put the components of the gauge field tangential to the brane as A%, and the

transverse fluctuations as ("™ where n labels an index normal to the brane. The pullback
of the metric to the brane world-volume is

" (@) =G + LG, V™ + LGy V€™ 4 12 G Vi V(™ + ... (10.8)

where the connection is in the normal bundle of the world-volume, ¢, " are indices tangential
to the brane, and ¢ = 27a’. Since we are dealing with tori, the connection is flat. We now
wish to include the gravitons h: write Ggp = gg + h. We are only interested in the
derivatives in the 4d directions, the adjoints only exist in the compact ones; and since we
are comparing to a string computation, we should not rescale the fluctuations, so (noting
our convention on indeces mentioned at the beginning of the section)

“(GE)w =e®/? [UE v + P + g5 nm 0,0, C™ 4 P hpym0,C" 0, ¢ + . ]
$*(GE) s = €2 hy30, (" +
" (GE)av = ‘D/Zehama "+
" (GE)ap = [QE af +hag +. ] (10.9)

Then using

1 1 S|
V/—det(g + X) =+/—detyg [1 + 2tr(g*lX) + g <tr(g1X)> - 4tr<(ng)2>
1 1
- 8tr(g_lX)tr<(g_1X)2> + 6tr<(g_1X)3> +. ..], (10.10)
the couplings of the normal directions are given by

Se = — 2mg; L2 (4m2a/ )~ (PHD)/2 / dP e/~ det g

p—= 3 n m 1 n m
Dm0+ 0"

1
n Qu ~m
X 2gnmauCaC t7 g

1 1
= 198 D 0CT T g + (9 ) gamDuCTOCT | (10.11)
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We can expand the rest of the DBI action to

-3
SpBRI=— 27798_1(47720/)_(1’“)/2/dp+1x\/— det gp [(1 + p 4 P+ nuyhuy + go‘ﬁha5>

62 p_7 1 Qv 1 af pv 62 vp A
+ 1+ 4 <1>+277 hW+2g hap | Fuw F +2hWF Fon™|. (10.12)

For a flat background, the kinetic terms are given by

1 1
Sns = ) /dl%\/_ det g <6Hh,,M8“h”M - za“h%auh% + 26@8%). (10.13)

8g2 K10

The corresponding propagators are given by

2ig2K? 2
(hywhop) = — ]:;2 v <77;w771w T upve = 4 277uv7700>
2ig%K?
(e0) = -7, 10 (10.14)

It is then straightforward to show that, if we had a true 4d graviton, its contribution to
gauge boson and adjoint tadpoles is zero: restrict the indices to only the non-compact
dimensions and take d = 4 in the above, then the operator in the effective potential is
proportional to

1 1,1 ! o
|:4 (FM/V/Fu v —1—251;/0{/51‘u « )77'“1/4'(FVpr)\+2FVaFaA)77>\M:| (nuonyp + NupTve — nuunap)n ’

1 1,0 N
= [4 (Fus F¥Y 4 2F o0 F¥ Y 4 (FYPFy + 2F”O‘Fa,\)77A“] (—2n,)

= [(FWF“’”' + 2F 0 FFY) 4 (FYPF,, + 2F”O‘FCW)]
= 0. (10.15)

Clearly the 4d graviton does not couple to the brane tadpole. Since this is the only field
that could mediate masses after moduli stabilization, we can see that all adjoint scalar
tadpoles generated in this way vanish once the moduli are made massive. However, we can
still check the results in the non-stabilised case, where the 4d and compact components
mix! There, we must retain d = 10 in the propagator, which encapsulates the mixing of
the graviton with the moduli.

The metric on a 2-torus is given by 52 |dz + Udy|?, where T =Ty +iTy = iR Ry sin
U=U+iU; = gf e®. A brane wraps a cycle defined by (z,y) = (27n),2mm\) where
A € [0,1]. Then we need to study the normal direction; a vector in the tangent bundle
is (n,m) and we require g,, = 0. Let us for simplicity choose rectangular tori, a = 7/2.
Then g11 = R%, g22 = R% . Let us also normalise the normal direction so that the coordi-
nate ¢ € [0,1]; the normal direction is 27 nQR%JEmQRg (-mR3,nR?) = 83 LCQ (—mR3, nR?),
or 2m VCQ (—mR2%,nR?) where L = 2r). Note that the normal distance between the branes
is 412 Ry Ry /L.
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Thus the graviton pieces tangential and normal to a brane are

hay = 472 |:7”L2h11 + nm(h12 + ho1) + m2h22:|

B 472

hnn == V4 |:m2R§h11 - nmR%R%(hlz + h21) + n2R‘11h22} (1016)

Using the four-dimensional coupling 2 = ggﬁfo‘/gl for a compact space of string-frame
volume Vg the propagators become (noting that we require d = 10 in equation (10.14)):

2iKk3 T 4
(h11hi1) = — g2 4
2iK3 7 4
(hazhag) = — w2 410
2155 19 1o
(h12h12) = — 2 RiR5 = (hi2ha1)
(h11h12) =0 = (hagh12). (10.17)

We can write the couplings of the adjoints to the moduli:

F F' — F F* 4 2F, \ F#A

hox 2/, 22 22\ v a AAA AA
T (An2)(n2R% + m?R2) (477 (n" Ry +m”Ry)n"" 0,A"0, A (10.18)

Now in the string computation we normalise the adjoints so that their kinetic terms are
that of the gauge coupling

S D — 2mg; (4n2a/)~(PFD/2 /dp+1x\/— det gp [f F, F* + g;hﬂ,,F”prAn)‘“]
= omg; H(an2a!)~PHI/202 L, / dz — leFWF“" +... (10.19)
So the gauge coupling is
12 = 2mg;  (4n2a/)~PHO/202L, (10.20)
g
Meanwhile the coupling for the transverse adjoints is
SD 27Tgs_1(47r20/)_7/2€2/dp+1x\/— det gp — ;gnm(?ﬂgnﬁ"gm (10.21)

Then we define for a torus k the complex adjoint to be composed of the gauge field A* and
the normal coordinate ¢* via

R Ry k

vk = \/277[ n2R2 + m2R2AF +
\/ ! 2 \/n2R% +m2R3

(10.22)
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which has kinetic term — % |6HE|2. Then the couplings of the gauge part of the adjoints to
g
the closed strings are

1 -7 1 1
So— 4g? /d4x [(1 +P L O F 2gaﬁha5>FWF“” + 2hWF”PF,,wﬂ

3

_ 1 4 1 WV pw o [l VP k k P~ 7
D) 242 /d x ; (277 n "n"? | by 0,A0, A" + (0, A7) 4 )
1 hi, 1 G )
_ + , ) (10.23)
2 (472)(n?(RY)? + m?(R5)?) ; 2 (4m?)(n*(R7)? + m?(R3)?)

where we have now indexed the internal dimensions.
The couplings of the normal directions are given by

SC = 2;2 /d45C [gnmaucnaugm + b ; 3q)gnma,u<naucm + hnma,ugnaugm
1
- UWQE nmﬁuCnaquﬁw\hAp + 9 (gaﬁhﬁa)gnma,ugnaucm} . (10-24)

This becomes

3
1 p—3 V?
— d4 k au ~k o k o~k h k
o g [ s T a0l e
2 1
_ aurkar sk k au -k 10.2
8<3<hw+5_124ﬂ2v35ﬂ8<} (10.25)
Now let us amplitude involving two different branes. These couple to the tadpole
3
1 p—3 1 1 hgg
S - d'z (1 P MR : 10.26
gg/ x( +5 o 0y +k§:124ﬂ2(vf)2 (10.26)

The contribution of the “4d graviton” (note that this is mixed with the moduli) to the
amplitude is thus, for the non-compact part of the tadpole

1 —2irg —ikpky (1, 5 1 (—1)
AD2x 02 29395 k2 2”“ 77pw - 77W77 P NuoMvp + NupTlve — 477pu770p 9 nap
1 =2ik] kpke (1, ,
= -2 P 49295 22” <277M n* — phn p> M
a
1 —2ik2 -~ 2k2 -
=2 IR = -0, L x8K (10.27)

X 2
2 49297 3292 g0

with also a contribution from the compact part of the tadpole

1 —2ik} —ikyky, (1, 5 1 —i
AD2 s 2 h w( e — 0t ”)(— 4nuugkk>( ) g

X
02 2g2g2 K2 2 2
1 —2ir? 3\ - 22 -
—ox o (ST R =i, < (<6)K. (10.28)
02 46247 4 32929 0>
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The dilaton gives

—2iKk? p—3 p—17
2 4 —1 —ik?
A X( k2 )< Z4€29§>< ' 893)

2
2K3

j —3)K. 10.29
23%29395 x (=3) ( )

= -2

The compact part of the “graviton” within the same torus gives

GBWIRWE
(47T2)2< <n§h11 + nama(hlz + h21) + m2h22> <n§h11 + nbmb(h12 + h21) + m§h22)>
_ 2k (472)2 | 2(VE)2 (V)2 cos? b, — - (VE)2(VE)? (10.30)
- k‘2 a b TV ab 4 a b ) .

while between different tori we have
(Bhnalin,) = (422 (nE)2Rky + nbmb (Rl + ) + (mh) 2R, )
x ((nd)2hdy + nimd (s + hy) + (m7)3hd, ) )
 2ik]

= 2 ), RO (10.31)

and between compact and non-compact directions we have

(RS 5\ ) = (4772)< (n?lhn + nama(hi2 + ha1) + mghgg) hw>

2ik3 1
- k24 (47T2)4(V§)277uu- (10.32)

Thus the total divergence is given by A = —iAyy K where

2 2 . . .
Ayy = ;42 ) { — 8cos® mh%, + 8 cos? ﬂ'ﬂizék + 8 cos? wﬂgk# —7-3-6+ 8]
16g5g;¢
21%.2 2k oy
:2929‘5(2 [ — 1 — cos® m0F, + cos? 71'92,7)é + cos? 7T9;7§ #] ) (10.33)
adb

(Note however that the physical divergence is given by g2 multiplying the above). Let us

rearrange this using

2t g2 PPN
(2m)0Ty T3
1
2 = 2mg; (4na) )~ P22 (971)3Y), (10.34)
b
to obtain
1 V. Vb 2 .k 2 j £k 2 _pitk#]
Ayv = (277)3%21T22T23 [— 1 — cos® why, 4 cos® 7™ + cos® w07 ]]. (10.35)

This is the main result of this section, which is in agreement with (7.26).
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Note that for completeness we could also compute the result for the normal compo-
nents. However, we already know from the CFT computation that these will give the same
result; while it may be useful to do this straightforward calculation as a check, we shall
leave this as an exercise for the reader.

Finally, it is readily shown, using the techniques above, that tapoles are generated for
gauge bosons too, given by:

1 V. Vb

— 2 ok 2 __ni#k 2 giFtk#]
Ay, = 90! (2 STITRTS [ — 3+ cos” mly, + cos” w7 + cos” wl | ] . (10.36)
This is perhaps the clearest indication that these contributions cannot survive in a theory

with stabilised moduli.

11 Conclusions

The reductions of higher-dimensional gauge fields to four dimensions lead to massless
scalars in adjoint representations (Wilson lines). These states may, or may not, survive
accompanying projections applied to get down from N = 4 4d supersymmetry to N = 1.
If they do, then they are expected to acquire masses when supersymmetry is fully broken.

There are very few classes of string compactifications where such effects can be com-
puted fully and explicitly. We have considered here the case where supersymmetry breaking
is obtained when brane intersection angles are deformed away from their special values,
corresponding to a supersymmetric configuration, by a small angular shift 2e. This leads
to supersymmetry breaking via a D-term vacuum expectation value (D), associated to a
magnetised abelian gauge group factor in the T-dual picture. All charged scalar fields
localised at the intersections obtain supersymmetry breaking mass shifts, and play the role
of mediator messengers.

We have written down the one-loop propagator of the open string states in adjoint
representations and extracted the leading terms at vanishing external momentum. The
result is understood as the sum of two parts.

The first part comes from the ultraviolet limit in the open string channel, equivalent to
the infrared limit of the exchange of massless closed string states. It is understood in the
tree-level effective supergravity, and is shown to correspond to reducible diagrams. It rep-
resents the interaction with global tadpoles through emission of the corresponding massless
moduli. Such tadpoles should be cancelled in a stable background with the corresponding
moduli fixed. Thus, we expect these contributions to be modified in the true vacuum (and
be probably vanishing).

The second part describes the effects of supersymmetry breaking mediation from brane
intersections to the rest of the world-volume states, generating a mass. The result repro-
duces the expectations from the effective gauge theory, with the trivial inclusion of Kaluza-
<J€I>’
the messenger mass scale, a tachyonic direction. This is expected [33, 34|, and is due to

Klein states. It exhibits at leading order in the expansion in powers of where M is

the form of couplings between the scalar adjoints and the messengers, as imposed by the
original extended supersymmetry [35].
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Both parts are thus well under control and computable from the knowledge of the effec-
tive field theory. The issue that was investigated in this work, and which needed an explicit
check, is that there are no other contributions from the presence of the heavy string modes.

The above tachyons could eventually be removed in models with Scherk-Schwarz de-
formations [36]. This is a work in progress.
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A Field theory limit of N =~ 2 amplitude

Here we consider the field theory limit of the N ~ 2 amplitude. This is instructive as it
is useful for normalising the different parts of the amplitude, and also is interesting as it
shall show how certain parts of the field theory diagram arise in the string amplitude.

A.1 Field theory calculation

The full two-point amplitude for the adjoints coupled to an N = 2 hypermultiplet of mass
m, with the scalar masses split by +D is given by

A=A, + A
- @2m)t¢?—m*FD  @-m?>F D (q—p)*-m?*FD (¢*>-m?)((qg —p)* —m?)
R —p?x(l —x)+m?>+ D
—1
1672 p?x(1 — ) + m?

[ — (m? £ D)log(m? + D) + m?*logm?* — m? log
1

+p?(1 — ﬂ:){ + log 4w + v — log[m? — p*z(1 — x)]}] . (A1)
€

The above can also be written in a friendlier format as

d*q ! 1 1 1 p?
= —i|AP dz —
As il /(27?)4/0 . q2+m2:|:D+q2+m2+2(q2—p2x(1—x)+m2)2
m?2 m?2

" (¢? = p2x(1 — x) + m2)? * (¢> —p?z(1 —x)+m?+ D)> (A-2)
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This then yields

. 5
A 2ig*p /dT/ dpe?Tr(1—o)—m?T | 2ig /Cf; exp[_sz](eDT/2 _efDT/2)2

1672 167T2
2ig ar DT/2 —DT/2\2 /1 p?Tx(1—x)

— — ), A.
16712/ ™M (e e ) ; dxe (A.3)

We shall recover this from a string computation.

A.2 String calculation

Here we attempt to write the field theory limit of the string calculation, corresponding to
.AZZZZ with sz = 0; we can take the expressions from section 7. To compute the field theory
limit, we consider only the ¢ — oo part of the amphtude, neglecting terms exponentially

suppressed in ¢. In this limit, the function 7% N2 o % becomes

9t =0 _ Lo 2 _ . —
Z]\;l;2 — e ma'm t’Iab‘€37rt/8€ 7r|o9j\t/2e w\€k|t/2. (A4)

A.2.1 The contribution from worldsheet fermions

—ma'th? (z—2?)

Let us first deal with the worldsheet-fermionic contribution. Noting y — e we
have
AL (—sign(8], — Jsign(0l, — )il Lulg*k* x
dt (2m)% [*
/ (2m) / dz exp[—md/k*(x — 2)t — mo/ MZt — met]
t 167T4 0
~ 2,0 [dt 1 ! 17.2 2 132
=i|lap|g°k dx exp|—ma'k*(z — x°)t — wa/ Myt]. (A.5)
t 47T2 0
Also
|I g2 k> de 1! dz exp|—nd/k* (x — )t — ma/ M{H] (A.6)
212 ablg t 472 J, P o ’
Hence in total the fermionic contribution gives
AYo AT ! | I | g% K> a1 dx exp[—ma'k?*(z — 2?)t — o/ M3t]
S A L t 472 Jo 0
i ar 1 !
=, \Iab]g2k2/ T 42 /0 dx exp[—k*(x — 2°)T — M2T), (A7)

where T = wa't

A.2.2 The bosonic contribution

Now consider the bosonic piece. Here we find

2 €1
A== [ ot 205 O (it (A8

it)2
< T 010005 — e)it/2) / dzx(2)4G(z)

rk=j,k

2 dt 1 —ma! M2t met)2 —met/2\2 it/2
— — |[I|29 2 167?4(0/)26 (e —e ) ; dzx(2)G(2).
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Now recall
(OXT0X7) = (0XI0X )qu + (0XT0X7 )
/
(OX (2)0X (W))qu = — O; 8,0, log 61 (2 — w). (A.9)

The quantum part of the amplitude gives us
it)2 o it/2
/ dzx(2)(0X (2)0X (w))qu = — 5 Ze / dzx(z)0;0y log 01 (z — w)
0 0
o it/2
=—ao'miZy + 5 / dz0,x 0y log b1 (2 — w)
0

1

=— o'z + z'7r20/(o//<:2)/ dz(1 — 2z) exp[ra/tk* (x — x2)]
0

— —d/miZ,, (A.10)

with no further contribution. It is interesting how the Feynman-parameter independent
contribution arises here. The classical part gives

it)2 L
| exoxiox),
0
1

-y / dz explra/ K2t(z — 2?)] [w%’t <n? (0532 + <mj ﬁf + zl;)w

0

5,1 J
't . TQj ij 2
X exp [— VJZ nj —i—z(mj o + oy
1
= Z/ dz (m2ita/m?) exp [wa'th(az —2?%) — 7To/m2t]. (A.11)
m “0
Thus the total bosonic contribution is
1 o2 —ira!  mwiad/m?
X 2 —ma!/mt met/2  —met/2\2
i = — [Lop|2
Agig =~ Harl2g /dt167r4(0/)26 (e e [ 2 Ty }
2g° 1 2
— i|Iab| 1697T2 /dT6m2T(eDT/2 _ efDT/2)2 |:T2 _ 77; ekQTm(lzv):| ) (A.12)
A.2.3 Total

Then putting the whole amplitude together we have

. 29 —m2T ( DT/2 —pr/2y2| 1 m? —k2Ta(1—
A:z|Iab|167T2/dTe moT(PT/2 _ o =DT/2) T € 2(1-2)
. 292 ar [* 2 (2T — 2
+z|Iab|16W2k2/ r dx ¢ F @=2)T=m"T (A.13)

This exactly matches the field theory amplitude when we put k% = —p?.
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