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Abstract

Dependence of the gauge couplings on the moduli of the compactified space is studied

for orbifold compactifications of the hetc-rotic superstring. It is shown that such

dependence is possible only for theories with sectors preserving N = 2 spacetime

supersymmetry, and it satisfies a non-renormalization theorem. Namely, it is given

entirely at the one-loop level and is determined by the violation of the integrability

of 0-angle with respect to the moduli.
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An important goal of heterotic superstring theory [1] is to study the properties of the

low-energy effective actions for the massless string modes. A particularly interesting issue

is the evaluation of threshold corrections to the gauge couplings which is necessary for the

determination of the unification scale [2]; their possible dependence on the moduli fields

related to the geometry of compactified space plays also an important role in the problem

of supersymmetry breaking. These threshold corrections have been recently computed

[3] at the one loop level in the context of symmetric abelian orbifold compactifications

[4] which preserve space-time supersymmetry.

Assuming that the low-energy effective lagrangian has the standard JV = 1 supergrav-

ity form [5], one would naively expect that the radiatively corrected gauge kinetic terms

can be written as:

Cg = A(T,T) FF 4- 9(T,T) FF , (1)

where A(T, X) and G(T, T) are real and imaginary parts, respectively, of an analytic

function of moduli 7V It turns out, however, that the one-loop corrections are not of the

above form: A is not harmonic and Q cannot be consistently defined. More precisely, the

CP odd part 67- of the three-point function of T and two gauge fields does not satisfy

the integrability condition

d{T)QT((T),{T}) - d{T)&r((T),(T)) = 0 (2)

for untwisted moduli [3]. This is not, however, inconsistent with supersymmetry, which

merely requires that 0j- = d{T)& ftnd Of = —d^A, implying analyticity provided that

© is integrable. The problem of incorporating non-harmonic gauge couplings into the

framework of JV = 1 supergravity has been recently considered in [6],

The purpose of this note is to study the higher genus threshold corrections. The

'We shall not discuss here the dependence of these functions on other scalar fields.
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strategy that we employ here is to examine first the integrability condition. A 0-loop

contribution to ©7- is written as an integral over the genus g fundamental domain. We

show that the integrand satisfies the integrability condition for g > 1. At the one loop

level, the integrability condition is violated only if the orbifold contains sectors which pre-

serve N = 2 spacetime supersymmetry. Next, we discuss the possible infrared divergences

and we argue that the integrability condition for g > 1 also holds after integration. In

the absence of JV = 2 sectors, supersymmetry implies that 67- is analytic, and its trans-

formation properties under spacetime duality show that &T = 0- On the other hand, in

the presence of JV = 2 sectors, ©7- vanishes identically at two loops and beyond.

Consider the fon-shell) three point correlation function of two gauge fields Aa(\ .4'"

and one modulus X, with momenta pi, pj and pj, respectively. &T corresponds to the

CP odd part which receives contributions only from the odd spin structures. It is given

by:

(Aa"(pi)Ab"(Pi)T(P3)U<l = 0T =

where r is the period matrix and T the moduli space of the genus g surface.

The vertex operators are

Vr{p,z) =

VT(p,z) =

, (3)

(4)

(5)

V,j = 3{T)(G;j + Bu) , (7)

where Ja is the Kac-Moody current associated with the gauge group, and G;j and D)j
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are the metric and the two-index antisymmetric tensor of the six-dimensional internal

space, respectively. In eq.(3), the volume factor |G|<S~'"J of the internal space ensures

the correct factorization properties of higher loop diagrams. The spin structure summa-

tion implicitly includes all orbifold boundary conditions, while the average (• • •) involves

functional integration over all two-dimensional fields. S denotes the world-sheet action

and W is a factor which includes ghost insertions as well as 2g — 2 (1 for g = 1) insertions

of the supercurrent at arbitrary points Q of the world-sheet surface [7]. The matter part

of this current is

TF = :^-dX: + GKt.:^
LdXK: . (8)

Notice the different form (6) of the vertex operator Vj for g = 1. This is due to the

existence of a ronforma! Killing spinor for the 9 = 1 world-sheet torus, which necessitates

a "picture changing" [8] of the form (5) as well as the inclusion of one supercurrent

insertion. This difference plays essential role in our proof of the integrability condition.

The set of string loop diagrams can be divided into three classes, characterized by the

number JV of supersymmetries preserved by the boundary conditions of the corapactified

coordinates along the cycles of the world-sheet surface: JV = 4, JV = 2 or JV = 1. For

the odd spin structures under consideration, the corresponding 2D fermionic zero modes

include, in addition to the four fermionic superpartners of the spacetime coordinates, two

extra zero modes for each compactified complex plane which remains periodic (untwisted).

Our subsequent discussion will be divided into separate analysis of the one-loop and higher

genus diagrams.

I. ONE-LOOP THRESHOLD CORHECTIONS

The diagrams which preserve JV = 4 supersymmetry vanish identically. This is due to

the fact that the amplitude (3) involves at most two internal fermions which cannot ab-

sorb all six internal fermionic zero modes. The JV = 1 diagrams also vanish, as can be seen

from the following argument. These are proportional to the correlator (dX'(z3)dXh'(O),

where BX'(z3) comes the T vertex operator (6) and dXK{0 from the supercurrent in-

sertion (8). This correlator vanishes because all internal bosonic coordinates are twisted

and have fcero 2D momenta.

The N = 2 supersymmetric boundary conditions leave one untwisted internal complex

plane and give rise to two internal fermionic zero modes. These are absorbed by the

fermions of V-r- (6) and the supercurrent insertion 7> (8). This means that T must

correspond to a modulus of the periodic internal plane (untwisted modulus). The four

spacetime zero modes can only be absorbed by the ip-ip 4> parts of the gauge vertices (4),

contributing the factor e^'pupa*.; hence we can set pi = p? = pi — 0 everywhere else.

The resulting contribution to the integrand (3) of Qr is:

)Jb(z2)e-s)', (9)

where we chose z3 = 0 using the translational symmetry of the world-sheet torus. The

prime refers to removal of the fermionic zero modes. The antisymmetric symbol etJ = etJ

is defined as ei2 — —e'1 = 1.

The correlator of the Kac-Moody currents factorizes and the currents can be replaced

by their zero modes. The reason is that the non-zero mode, gauge-group independent

part of this correlator, proportional to 6"*, is given by the contraction of two free abelian

currents. This contraction can be written as a total divergence of a periodic function on

the torus, therefore the total contribution vanishes after integration by parts over z\. By

repeating the analysis of [3] we find:

where A is a coefficient proportional to the beta function of the JV = 2 theory defined by

the set of boundary conditions which correspond to the JV = 2 class of diagrams under
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consideration. The integration over the modular parameter r extends over the genus one

fundamental domain T. The summation runs over the left and right moving momenta of

the untwisted complex plane. They are characterized by three components of the metric

tensor and one component of the antisymmetric tensor [9]:

P'L.R = G1J(\mj-BJKnK)±n>, (11)

where mj and n are the integer momentum and winding numbers, respectively of the two

dimensional left-right symmetric compactification lattice of the periodic complex plane.

07- of eq.(10) explicitly violates the integrability condition. In order to illustrate this,

we consider the modulus T = 2(R2 + iB), where R is the common radius, Gu = R2SJJ,

and B is the corresponding axion, B;j = Be/j. Using this explicit parametrization, one

finds that the prefactor in (10) vu tJL\G\'^2 GKL - ™IK. On the other hand, eq.(ll)

leads to the identity

8p\ = 6p\ = -vjjp'npl, (12)

where 8 = 9<r)' It follows that

= ib

where

z =

(13)

(14)

The violation of the integrability condition, the r.h.s. of eq.(13), can easily be computed

by using the identity

S6Z(r,f) = (15)

Integrating by parts the r.h.s. of eq,(13) we obtain a line integral — 2b(T + T) 2 •

Jc dr dT(Z• Im r), where the contour C is the boundary of the fundamental domain T.

- 6 -

Due to the modular invariance of the function Z-Im r, the only non-vanishing contribu-

tion to this integral comes from the boundary at r = too. Then the integration over Re T

enforces the condition p2
L = pR = 0. The final result is

ib ,,„-.
SQT - SQj = =-j , (16)

in agreement with [3].

To summarize the results of one-loop computations, only the sectors that preserve

N = 2 supersymmetry give rise to moduli-dependent threshold corrections. The throe-

point correlation function 6j- violates the integrability condition by the term (16) propor-

tional to the gauge-group dependent coefficient 6. In fact, the gauge group independent

contribution which corresponds to the non-zero mode part of the Kac-Moody currents

vanishes identically as we have shown above. In orbifold models which have no N = 2

sectors, for instance in the case of Z$ and Z^ twists, the one-loop contribution to Q?

vanishes identically.

The latter result would seem to create a puzzle in the low-energy effective N = 1

supergravity theory. A generic modulus T couples to the divergence of an axial current

which is associated with the auxiliary vector component of the gravitational supermulti-

plet. Although this tree-level coupling vanishes on-shell, it gives rise to one-loop anoma-

lous diagrams involving gauginos and other massless matter fields, which contribute to

©7. This is also in apparent contradiction with the form of the T vertex operator (6),

which contains the factor dX1, replaced after the Poisson resummation by p'R. This

means that massless particles do not couple to T even "off-shell" inside string loop dia-

grams. The only possible resolution of this puzzle is that the field-theoretical description

of low-energy interactions must include Green-Schwarz [10] type of terms which cancel

exactly the anomalous one-loop diagrams, so that T couples effectively only to massive
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particles.2 The recent calculations of these anomalies [6] suggest that such cancellations

can be achieved by modifying the Kahler potential. This introduces a mixing of T with

the dilaton superfield proportional to the anomaly coefficients. Note that in order for

this mechanism to work, these anomalies should be gauge group independent.3

II. Two LOOPS AND BEYOND

One of the complications is that, for genus 2 (and higher), the winding modes prop-

agate even in N = 1 sectors. This is due to the fact that at higher genus there exist

holomorphic twisted 1-differentiaSs [12]. By Riemann-Roch theorem there exist (g — 1)

such differentials on a genus g surface. Hence both N = 2 and JV = 1 sectors may give rise

to moduli-dependent corrections. N — 4 diagrams should vanish to all loops as expected

from space-time supersymmetry, in analogy with the vanishing of the cosmological con-

stant. Indeed, up to genus 3 one can see this explicitly due to the fermion zero modes. In

the following we discuss explicitly the integrability condition for 0 for genus 2 and then

show how the result extends to higher loops. Further, for notational simplicity we first

consider the moduli corresponding to Z2-twisted directions. The moduli-dependence of

the amplitude (3) comes from: a) the classical action, b) the vertex operator Vj (5), c)

the two supercurrent insertions (8) and d) the volume factor in (3).

The starting point of the argument is that the amplitude (3) gets contribution only

from the zeroeth order in the momentum expansion of the VT vertex (5). To see this,

we consider first the group-dependent part of the amplitude obtained by replacing the

Kac-Moody currents in the two gauge vertices by their zero modes J£' (2;). In this

case, the terms of zeroeth order in the momentum expansion of the gauge vertices (4)

do not contribute: Considering for instance pi = 0, V^fO, zi) = Jg(zi)d,IX
li(zi) and

2T may couple though to massless particles through Yukawa interactions which do not contribute to

anomalous one-loop diagrams
3Seealso[H].

the contraction of <?,,X"{zx) with another Xx(z) yields the correlator £>S1 (A'"(i | )Xx(z)).

Then integration by parts over Z\ gives zero result, since d,t JQ(ZI) = 0 and the boundary

term vanishes due to the periodicity of J^(h) and of the propagator (X"(zi)JVA(z)} along

the cycles of the world-sheet surface. Thus each gauge vertex contributes at least one

power of its momentum. In fact the first order in the expansion of each gauge vertex

gives the entire momentum dependence, e^ppupj,,, as can be seen explicitly by using

the mass-shell condition, the momentum conservation and the absence of singularities in

momenta from the integrations over Zi's.

Let us now consider the group-independent part of the amplitude. Since the correlator

of the two Kac-Moody currents is even in (z, — z2), once again the integrations over

2,'s do not have any momentum singularity. Moreover the only potentially divergent

term |r, - zj|~4 is CP-even and therefore must be absent. Consequently one can use the

mass-shell condition and the momentum conservation before performing these convergent

integrations. In the genus 2 case, due to the four zero modes of the space-time fermions,

at least one gauge vertex (say at z?) must contribute two fermion zero modes from the

term ip"p2-if'- Since the correlator of the two Kac-Moody currents can be expressed as

5,2 of a periodic function in z2, the corresponding integral vanishes by partial integration

and therefore there is no group independent contribution. 4 For higher genus, although

the above argument does not apply, one should still be able to prove that each gauge

vertex provides one power of momentum. For instance setting p\ = 0, and performing

an integration by parts over z-\ one finds that V\ is proportional to (^./"(ii) which

must vanish by the equation of motion, Although in the correlation functions there are

subtleties related to the appearance of delta functions, we believe that this should be

valid in the context of some appropriate regularization analogous to the one used in [13]

4Note that this argument also applies to the case where the gauge vertices are replaced by graviton

vertices.
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to prove gauge invariance. Therefore in the following we will set p^ = 0.

The contraction of d.X!(z3) in VT with a dXK{Q is

where P is the zero mode projection operator which satisfies the relation

fw{z)P(S, C)=««),

(17)

(18)

where w is a holomorphic 1-differential (twisted or untwisted, depending on the boundary

conditions of X1). Note that the absence of delta function in the contraction (17) is

to ensure left-right factorization. This is consistent with the definition of regularized

correlators given in [14]. In particular this means that the normal ordered Vj has an

extra term — VIJG'JP(Z3, Z3) which upon integration over 23 gives —niln\G\, where n is

the number of holomorphic 1-differentials and is equal to j - 1 or 5 when Xs is twisted

or untwisted, respectively. Together with the volume factor (G^" ! and the zero mode

integration which gives another factor of \G\ in the untwisted case, this becomes

-26\G\n/*. (19)

In addition to the above normal ordering contribution, dXl(z3) in VT can either be

replaced by the classical solution dXl(z3) or it can be contracted with some dXK(d)

from the Tp's. In either case dXJ(zi) in Vj must be replaced by the classical solution.

The reason is that its contraction with another dXK(Qj) from the TV's yields the corre-

lator d,i{XJ(z3)dXK{Gj)). For p3 = 0, the integration by parts over z3 vanishes due to

d5X&(z3) = 0, doP(z3,0 = 0 and the periodicity of V,j5Xi(z3){XJ(z3)dXK(Q). When

3X'(z3) is replaced by the classical solution, VT(P3 = 0) just gives 2SS0, where So is the

classical action. This together with e"15" and eq.(19) yields

-2S(\G\nl2e~ik>) = -ISA. (20)

-10-

Thus the terms in which the supercurrent insertions do not provide additional (T) de-

pendence yield a total derivative with respect to (T), hence their contribution to the

integrand (3) satisfies the integrability condition (2).

The remaining terms arise when:

1). Both dXK's from the 7>'s are replaced by their zero modes. This term is multiplied

by (20) and in the twisted case (JV = 1 sectors) is

- 2{6A)GKL <C2)n(Ci, 6 ) - (21)

where II is the twisted fermion propagator. In the untwisted case (N = 2 sectors

with T in the untwisted directions) this term is

where 4>o denotes the fermion zero mode and the indices A', L run over the directions

of the untwisted plane.

2). dX'(z3) in VT is contracted with one of the TF's, in which case dXK from the other

TF has to be replaced by its zero mode. Using eqs. (17) and (18) and performing

z3 integration one finds for the twisted case

-A(VKL + "i

-2A[6Gh

and for the untwisted case

(24)-2A(S\G\"2)
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Combining the results of the above two cases we see that these terms are also total

derivatives with respect to {T) and therefore the integrability condition holds for the

entire integrand of (3).

The generalization of the above proof for Zjw-twists is straightforward and affects

only the twisted case, eqs (21) and (23). Let us choose a complex basis of the internal

coordinates, in which the twists are diagonal. Let GKi and BKi (K,L = 1,2,3) denote

the metric and antisymmetric tensors respectively in this basis with GKL = GLK and

Bhi = —BiK. The fermion propagator in this basis is

Eq.(21) is now replaced by

(25)

,^). (26)

Similarly, eq.(23) becomes

(27)

Combining the above two equations one finds again that these terms are total derivatives

with respect to (T).

The above argument goes through for higher loops as well. One has more supercurrent

insertions giving rise to more possible terms. However by a careful analysis of all these

terms along the lines sketched above one can convince oneself that the integrand again

is a total derivative with respect to (T). In fact this result is not very surprising. For

P3 — 0, Vr is just the variation of action with respect to (T). Then, after pulling out

the kinematic factor in eq.(3), QT is given by the insertion of the variation of action

in some particular two point correlator. Therefore, one would expect it to be a total

-12-

vaiiation of this two point correlator modulo the possible subtleties clue to the presence

of supercurrent insertions and volume factors. What is surprising is that this is not true

at one loop, due to the picture changing of Vy. The derivation of the violation of the

integrability condition presented in the previous section, relating it to a contribution

from the boundary of the moduli space of the world-sheet torus, eq.(15), is very similar

to the calculation of gauge anomalies [15]. This suggests some deeper relation between

non-integrability and anomalies which are also genuine one-loop effects [16].

If the integrand for 0j- has no divergences in the fundamental domain then the proof

of integrability extends to the entire integral and hence eq.(2) would hold. Space-time

supersymmetry implies then that QT is an analytic function of T. We will now show that

this function is identically zero using space-time duality [17]. Let us first consider the case

where T is a modulus associated to the breathing mode of two compactified dimensions.

Space-time duality then is reduced to the modular group generated by T —* T + i and

T —t 1/T, and implies that QT must be a modular function of weight 2. Furthermore,

we set to zero all other moduli which transform covariantly under these transformations.

In the next section we will discuss possible infrared divergences and we will argue that

07- is finite for any finite value of T. Therefore it is holomorphic in the fundamental

domain of T except possibly at infinity. However an inspection of the expression (3) for

&T shows that it can at most diverge as a power of X from the volume factors. This

behaviour is inconsistent with the invariance under T - » T + i and analyticity. Hence ©7-

is holomorphic everywhere. Since a modular function of weight 2 which is holomorphic

everywhere does not exist, 0y must be zero.

This result can be generalized for all untwisted moduli using the full duality group.5

The relevant moduli space is the coset space D = SU(n, n)/S(U(n) xU(n)) modded by

the discrete subgroup G of SU(n,n) consisting of 2nx2n matrices with gaussian integer

'The proof given here is due to M.S. Narasimhan [18].
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entries (i.e. of the form m ; + im2). The one form 0 = Y.i{&T,dT, + 97;rfT,) where T; are

some local holomorphic coordinates on D, is a closed form on D/G, as a result of the

integrability condition proven above. The proof proceeds in two steps:

(a) First we prove that f! is exact for n > 2. Since D is simply connected there exists

0 such that Jl = d&. Moreover, G-invariance of SI implies that under the action of

an element g 6 G, 9 —» 0 + r(j), where c(g) £ C (a complex number). It is easy

to prove that r. : G —* C is a homomorphism. Since C is an abelian group, c maps

the commutator subgroup [G, G] to zero. For n > 2, by a theorem of Kazdan and

Wang [19], the quotient group G/\G,G] is of finite order implying that c must be

zero. Thus B is invariant under G.

(b) Using space-time supersymmetry it follows that 6 is the imaginary part of an an-

alytic function on D/G. For n > 2, D/G can be extended to a compact space

D' with (normal) complex structure, by adding surfaces of complex co-dimension

greater than one [20]. Moreover a holomorphic function on D/G extends to a

holomorphic function on D', by Hartogs theorem. As D' is compact the only holo-

morphic function is a constant proving that 0 T is zero. Note that for n > 2 one

does not need to study the behaviour of 67 at the boundaries of D/G in order to

establish the above result. This is due to the possibility of compactifying D/G by

adding surfaces of complex co-dimension greater than one.

INFRARED DIVERGENCES

We proceed now to the discussion of infrared divergences arising in the integrations

over the period matrices. We shall discuss first the two-loop case and then show how the

results generalize to higher genera. There are two possible sources of infrared divergences:

1). Factorization limit (r12 —> 0) which gives rise to wave-function renormalization type

-14-

corrections.

2). Handle degeneracy (TH and/or T22 —> 00) which may lead to one-particle irreducible

field-theoretical diagrams with the infrared divergences due to propagation of mass-

less particles.

Since the vertex Vj at zero momentum contains the factor 0X'dXJ which after Pois-

son resummation is replaced by the momenta p'R pJ
L, for a generic value of (T) the modulus

field couples only to the massive string excitations, as in the one-loop case. For a spe-

cial value of (T) which corresponds to an enhanced gauge symmetry there exist massless

states with non-zero p{{P£, and therefore T can couple to such states. However, the

amplitude (3) vanishes for these special values after the summation over the internal

momenta, as the right and the left, parts of pl
R p3

L decouple, This is not surprising since

QT is the derivative of a duality invariant function. Direct inspection of two-loop Feyn-

man diagrams shows that, due to the non-zero masses of particles coupled to T, the only

potentially divergent diagrams involve at least one external gauge boson splitting via

a gauge interaction into two massless particles propagating near the mass-shell. These

diagrams can be one-particle reducible or irreducible. A simple way to study these dia-

grams is to first construct the effective one-loop vertices for the couplings of modulus T

to gauge non-singlet massless states. The infrared behaviour of two-loop diagrams can

be examined by considering all possible insertions of these vertices into one-loop dia-

grams. Only the vertices that do not vanish on-shell can give rise to potentially divergent

contributions. Moreover, since the gauge interactions preserve CP, these vertices must

necessarily be CP odd. There exist only one class of such vertices: axionic couplings of

T to gauge bosons. As we have shown before, these vertices are absent at the one-loop

level, unless the orbifold contains sectors that preserve N = 2 supersymmetry. Hence, for

orbifolds without JV = 2 sectors, the integrability condition holds also after integration

-15-



and the argument presented before for the vanishing of &T at two loops remains valid.

This reasoning applies inductively to higher loops: the vanishing of QT at genus p implies

infrared finitness at genus g + 1, which combined with the integrability of the integrand

implies the vanishing of 0j- at genus g + 1.

In the case when the orbifold contains N = 2 sectors, insertions of axionic couplings

of T to gauge bosons could produce infrared divergent loop momentum integrals. One

finds two distinct types of integrals:

I) infrared-ultraviolet divergences litn I d*k k~2(pi2 + k)~7,

II) genuine infrared divergences lim / d*k Jt"2(pi + t)~2(pj — k)'7.

PJ.PJ— oJ

Type II integrals give rise to the familiar bremsstrahlung-type divergences. They occur

in contributions which, before the momentum integration, contain at least three powers

of external momenta. As we saw in the string calculation above, integrations do not lead

to any singularities in momenta, therefore such terms are absent. On the other hand,

type I divergences are controlled by the ultraviolet behaviour of the effective field theory.

The only one-particle irreducible diagrams that give rise to type I divergences at two

loops involve gauge bosons propagating on all internal lines. It is a matter of simple

computation to show that these diagrams combine in the S-matrix element with the

one-particle reducible diagrams to yield a contribution proportional to the one-loop beta

function. This is in agreement with Adler-Bardeen theorem [16], according to whkh the

divergence of the axial current d^ft oc aFF is exact to all orders in the renormalized gauge

coupling a. However, due to the explicit a"1 normalization factor of the gauge kinetic

terms, the string amplitude corresponds to the matrix element of a~1dlij^ (as contrasted

to d^H) and two gauge bosons. Indeed, one can verify that the one loop amplitude

(TFF) is of order O(a0).6 As a result, the factorized infrared divergences, present in the

'More precisely, one c»n show that the one-particle irreducible part of {STAA)x~'°°r = 0, where S is

- 1 6 -

case of standard 0(1) normalization of the gauge kinetic terms, should cancel once the

dilaton interactions are taken into account, in agreement with Adler-Bardeen theorem

for a~ld)ij^. In the field theory calculation this cancellation for gauge bosons should

occur by including both one-particle irreducible and reducible contributions, because the

corresponding Feynman diagrams are not separately gauge invariant. In string theory

this corresponds to adding the contributions from different degeneration limits. Since the

proof of the gauge invariance [13] holds before the integrations over the moduli of the

Riemann surface, these limits should be separately gauge invariant. Therefore one expects

that in the string amplitude (3) the integration over the moduli space is convergent for

the entire fundamental domain. As an independent verification, we have checked this

explicitely at the two loop level, in the factorization limit r12 —> 0. One can then apply

the integrabitity condition to show that, in the presence of N — 2 sectors, 0j- vanishes

identically at two loops and beyond. The relation Q? = d(j)A remains valid, with the

function A(T, T) given to all orders by the one loop expression of [3], as naively expected

from the vanishing of higher loop N = 2 supersymmetric beta functions.

In summary, we derived here a new non-renormalization theorem for orbifotd compact-

ifications of heterotic super/string theory. We conclude by discussing some implications

of our results for the supersymmetry breaking problem in superstring theory. In the

case of orbifolds without N — 2 sectors, for instance in the case of Z3 and Zi twists,

our results show that the threshold corrections to gauge couplings do not depend ei-

ther on the compactification radius or on other untwisted moduli. As we have shown

before, this statement holds true to all orders of string loop expansion. Hence the uni-

fication (decompactification) scale is of order of the string scale in this class of models.

On the basis of simple physical arguments [21], we expect though that the unification

scale becomes moduli-dependent once the orbifold singularities are "blown-up" by non-

the dilaton field whose vacuum expectation value determines a at the tree level.
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zero vacuum expectation values of some scalar fields. The effects of these "blowing-up"

modes deserve careful consideration, as they may be very important for the implemen-

tation of the duality-invariant gaugino condensation mechanism [22] of supersymmetry

breaking in these models. On the other hand, our results lend support to a perturbative

breaking of supersymmetry at the string level, relating its breaking scale to the size of

an extra dimension. This possibility can be realized consistently, without a breakdown

of perturbation theory up to the Planck scale, in a particular class of orbifold models

[23]. The basic ingredient needed is that the {group dependent part of) threshold correc-

tions in gauge couplings should be independent from the compactification radius, before

supersymmetry breaking is turned on. Then, implementation of supersymmetry break-

ing gives rise in general to corrections which are supressed exponentially in terms of the

radius. As a result, the supersymmetry breaking scale can be of the order of the weak

scale, predicting a new dimension as low as ITeV, without contradicting the Planck mass,

perturbative unification of strong and electroweak interactions.
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