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We discuss the properties of cosmic strings based on a spontaneously broken anomalous U ( 1 ) when the anomalies are cancelled 
via the Green-Schwarz mechanism. Such strings arise in a large class of superstring compactifications and act as a source for an 
axion-like field which has model dependent couplings to QCD and QED. If this field couples to QED, but not to QCD, these 
strings could exist today and would exhibit novel optical properties. Such strings could be distinguished from other types of cosmic 
strings by studying the relative polarization of the images they produce when acting as gravitational lenses. If the axion-like field 
produced by these strings does couple to QCD, these strings as well as macroscopic heterotic superstrings would become the 
boundaries of domain walls and would rapidly disappear. There would be, however, bound configurations of the two types of 
string which do not couple to QCD and which could exist in the present universe. 

1. Introduction 

Both superstrings and cosmic strings have been the 
subject of  much at tention in the last few years. I f  these 
objects could be shown to be one and the same it 
would be one o f  the most  marvelous  examples  of  the 
re la t ionship between cosmology and part icle  physics. 
While  macroscopic  superstrings are possible, there 
seem to be difficult problems in associating them with 
the cosmic strings which might  play a role in galaxy 
format ion [ 1 ]. First  of  all, superstrings act as a source 
for a pseudo-scalar  field with axion-l ike couplings. 
Because of  this, in the QCD phase t rans i t ion  these 
strings become the boundar ies  o f  axion domain  walls 
and rapidly  disappear .  Secondly, based on our  cur- 
rent unders tanding,  macroscopic  superstr ings would 
have a string tension which, while smaller  than one 
might  naively assume, is still large enough to be in 
apparent  conflict with l imits  on the i sot ropy o f  the 
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microwave background [2] .  On the other hand, 
macroscopic  superstrings are always superconduct-  
ing, a phenomenon  which plays a role in some cosmic 
string scenarios for galaxy format ion [3] ,  and the 
possibi l i ty  of  such objects is certainly a generic pre- 
dict ion of  superstr ing theory! 

In this paper  we will s tudy a type of  cosmic string 
with many connect ions to superstrings and axion 
strings. These strings are based on an "anomalous"  
U ( 1 ) gauge symmetry which arises naturally in a large 
class of  superstr ing compact i f icat ions.  This U ( 1 ) ap- 
pears to be anomalous  when only the fermion spec- 
t rum is considered,  but  in fact, the anomal ies  are 
cancelled by a var iant  of  the anomaly  cancellat ion 
mechanism of  Green and Schwarz. This cancellat ion 
of  anomal ies  is in t imate ly  related to modu la r  invari-  
ance of  the underlying superstr ing theory [4] .  It is 
known that  superstr ing compact i f ica t ions  can lead to 
only one such U ( 1 ) factor, which we will refer to as 
the pseudo-anomalous  U ( 1 ). 

In supersymmetr ic  compact i f ica t ions  of  the heter- 
otic string this U(  1 ) factor leads to supersymmetry  
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breaking at the one-loop level [5] .  However, in all 
known cases it is possible to restabilize the vacuum 
and restore supersymmetry by giving appropriate ex- 
pectation values to scalar fields which are charged 
under this U ( 1 ) [ 5,6 ]. This spontaneous breaking of  
the U ( 1 ) leads to topologically stable cosmic string 
solutions. 

These strings turn out to have many of  the same 
properties as axion strings. However, they are not the 
same as macroscopic superstrings; in particular, their 
string tension can be appreciably smaller than the su- 
perstring tension. In some models of  string compac- 
tification, these strings could exist today as supercon- 
ducting cosmic strings which would exhibit unique 
optical effects. In other models, we will argue that 
these strings would be confined by QCD effects as 
would macroscopic superstrings. In this case, how- 
ever, there is a linear combinat ion of  these two types 
of  string which does not couple to QCD and which 
would not be confined ~. This hybrid string has a 
coaxial structure consisting of  a superstring core with 
left-moving currents transforming under the SU(3 )  
color group and an outer sheath with the structure of  
a U ( 1 ) vortex with right-moving currents that also 
carry SU (3) quantum numbers and which cancel the 
color anomaly of  the resulting 1 + 1 dimensional ef- 
fective theory. 

Because of  the close similarities with axion strings, 
we will start with a brief  review of  some of  their prop- 
erties. We start by discussing a novel optical effect 
that is exhibited by axion strings. 

2. Axion strings 

As a simple model which serves to illustrate the 
main physical features, consider an unbroken U ( 1 ) 
gauge symmetry Q, which we will think of  as electro- 
magnetism, and a chiral global symmetry A which is 
spontaneously broken by the expectation value of  a 
scalar field q~ with Q = 0 and A = - 2. In addit ion we 
will have two left handed Weyl fermions, ~c with 
charges Q =  1, A = 1, and Zc with charges Q = -  1, 
A =  1. (In four component  notation, Xc is the left- 
handed antiparticle of  ~uR. ) These fermions obtain a 

~ The possibility of cancelling the axion field between different 
types of string has also been considered in ref. [ 7 ]. 

mass through their coupling to q~. The lagrangian is 
given by 

L =  il//~ I~) ~L + iz[  IpZ c --2(q~ *qb-- V 2 )2 

+f(~e"~g,~czm +h.c.)-(1/4e2)F~'~F,,~, (2.1) 

where F~'"=&A"-O"A ~' is the field strength for the 
Q gauge symmetry. 

As a result of  the breaking of  A, there exist topolog- 
ically stable vortex solutions with qb=f(p) 
X exp [ i0 (0) ], where f (p)  approaches zero at the or- 
igin and v at infinity, v denoting the vacuum expec- 
tation value of  q~. For a vortex with winding number  
n, we can take O(O)=nO, where 0 is the azimuthal 
angle around the vortex which we take to lie along the 
z axis. Because of  the angular dependence of  the phase 
o f  q), these vortices have a logarithmic divergence in 
their energy per unit length. In a cosmological con- 
text, this divergence would be cut off by the separa- 
tion between strings of  opposite winding number. The 
phase o f  q~ is a Nambu-Golds tone  boson with axion- 
like couplings. 

It is well known that there are striking electromag- 
netic effects in the presence of  gradients in the axion 
field which couples to E.B. This coupling arises via 
the four-dimensional chiral anomaly from a redefi- 
nition of  the fermion fields which removes 0, the 
phase of  ~,  from the fermion couplings. This results 
in a coupling 

-- ( e2f / 32~ 2 ) Oe~'~'~/'FvvF, ip , ( 2.2 ) 

where we have restored powers of  the coupling con- 
stant and f i s  a model dependent factor ( f=  1 in the 
model presented here). In the presence of  a static but 
spatially varying axion field, this coupling leads to 
additional contributions to the charge and current 
densities 

po=(o~f/ze)VO.B, jo=-(o~f / zc)VOXE,  (2.3) 

with ~ = e 2 / 4 ~  ~ 1/137. 
These terms lead to optical activity in the scatter- 

ing of  electromagnetic waves off axion domain walls 
[ 8 ] and axion strings [ 9 ]. In refs. [ 9,10 ] this effect 
was deduced by solving Maxwell's equations in the 
cylindrically symmetric axion field appropriate to an 
axion string. For our purposes the following approx- 
imate solution is sufficient. 

I f  we assume that the gradient of  the axion field 
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I=VO is small and approx imate ly  constant ,  then it is 
easy to solve the modi f ied  Maxwell  equat ions  

V . E =  (fo~/?r)l.B, 

V × B -  OE/Ot= - ( f c ~ / n ) l × E ,  

V - B = 0 ,  

V × E +  OB/Ot=O. (2.4)  

Wi thout  loss of  generali ty we can take 1= 1~ and use 
t ransla t ion invar iance  in the x - y  plane and in t ime 
plus rotat ion invar iance in the x - y  plane to write the 
solution in the form 

E =  A°(z) e x p ( i k x - i o g t )  , 

B = ~ ( z )  e x p ( i k x - i o g t )  . (2.5)  

Setting • 2 2 i to=x/oo - k  and 2 2 =it2=oeflito/~, the 
general solution can then be writ ten in the form (as- 
suming ! cons tant )  

d~=A+ exp(i i t  + z ) + A _  e x p ( i R _ z )  , 

d i , .= - i ( i t o /~o)  [A+ exp(i ) .+  z ) - A _  exp ( i2_  z) ] , 

~ = - (k/ i t~)  [ i t+A+ exp( i2  + z) 

+ 2 _ A _ e x p ( i i t  z ) ] ,  

,~, = i ( i t o / O  2) [ i t+A+ exp( i2  + z) 

- i t _ A  exp( i2  z ) ]  , 

.~. = (oJ/ i t~)[2 +A+ exp( i2  + z) 

+ 2 _ A  exp(i i t  z ) ]  , 

.2 -=  - i ( k R o / c o  2) [A+ exp(i i t  + z) 

- A _ e x p ( i 2  z ) ] .  (2.6)  

Here A+ and A are a rb i t ra ry  constants  which rep- 
resent the ampl i tudes  for right- and lef t -handed po- 
larized waves in the case k = 0 .  Expanding this solu- 
tion out to order  c~ in this case shows that the direction 
of  polar iza t ion  of  a l inearly polar ized wave rotates by 
an amount  p ropor t iona l  to the gradient  of  0 along the 
direct ion of  mot ion  as the wave propagates.  For  the 
case of  interest  here, with I slowly varying, we can 
f ind the net rota t ion ~ by integrating this rota t ion 
along the path  o f  the plane wave, ~ =  (fo~/2n)AO. 

This effect is analogous to Fa raday  rotat ion.  I f  we 
diagonal ize  the wave equat ion following from (2.4)  
by working in terms ofF_+ =E_+ iB we see that  right- 

and left-hand circularly polar ized waves obey differ- 
ent dispers ion relations: 

oo~ (k )  = k  2+_ (fo~/zc) (1.k ) . (2.7)  

As in Faraday  rotation,  this leads to different  indices 
o f  refraction for right- and lef t-handed circularly po- 
larized waves and hence a net rota t ion of  the plane o f  
polar izat ion for a l inearly polar ized wave. In contrast  
to Faraday  rotat ion,  the effect here is independent  of  
frequency. 

Local strings with string t ens ion / t  will give rise to 
a conical spacetime geometry with deficit angle 8zrG/z. 
Because of  this, such a string would act as a gravita- 
t ional  lens and one would see two images of  a dis tant  
object  with an angular separat ion o f  8zcGlt. The situ- 
at ion is somewhat  different for global strings such as 
the axion strings considered here. Such strings have 
a non-vanishing energy density outside the core of  the 
string. As a result, there is non-vanishing spacet ime 
curvature outside the core of  the string. In this case 
one can show that  the gravi ta t ional  lensing is quite 
s imilar  to that  of  local strings, at least for relativist ic 
particles,  except that the string tension ¢t should be 
replaced by an effective string tension/zeff which in- 
cludes the energy inside a radius b, where b is the im- 
pact  pa ramete r  [ 11 ]. Since/zeff grows logari thmical ly  
with b, in a cosmological  s i tuat ion this leads to len- 
sing effects with a deficit  angle which is o f  order  100 
larger than that expected based on the core string 
tension. 

Since the light rays forming the two images pass on 
opposi te  sides of  the string, the integrated gradient  o f  
the axion field differs by 2~r along the two paths. In- 
tegrating the previous solution along the two differ- 
ent paths we thus find that  the polar izat ion of  each 
image will be rota ted byfo~/2 but  in opposi te  direc- 
t ions so that there will be a net difference in the di- 
rection of  polar izat ion of  the two images of  fc~ 
radians  ~2. 

~2 This can also be seen directly in the cylindrical solution in ref. 
[9], in which c~,, ought to be defined as ( 1 -~,,.0) sgn m. The- 
sign of the rotation depends on the sign of the angular momen- 
tum m of the partial wave. Light rays passing on opposite sides 
of the string have angular momenta of opposite signs. As for 
the m=0 component of the wave, which is not directly rele- 
vant here, an incoming wave polarized in the ~ direction is not 
scattered, but as pointed out in ref. [ 10], and contrary to ref. 
[9], a ~ polarized wave undergoes a phase shift exp (iJbQ. 
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Although the amount of rotation is model depen- 
dent, it could easily be on the order of a few degrees. 
Luckily, the sources for the known gravitational len- 
ses, namely quasars, are known to exhibit fairly strong 
polarization effects at radio wavelengths. If  a cosmic 
string lens candidate were found, it appears feasible 
to measure the polarization to this accuracy after cor- 
recting for Faraday rotation [ 12 ]. 

It is worth emphasizing that effects such as these 
can only occur for global strings, not for local strings. 
The reason is that outside a local string one is in the 
vacuum so there can be no effect on the propagation 
of particles outside the string (except of course for 
the standard lensing effect). For a global string, on 
the other hand, the fields outside are not gauge equiv- 
alent to a vacuum configuration and these fields can 
affect particle propagation. 

3. Pseudo-anomalous U(1) strings 

In this section we consider gauging the global U ( 1 ) 
symmetry A of the previous section. To do this we 
must discuss cancellation of the anomalies involving 
A as well as any other gauge groups in the theory. We 
will then discuss the effect of the anomaly cancelling 
terms on the structure of the strings resulting from 
the spontaneous breaking of A. 

We will consider a somewhat more general class of 
models which contain in addition to A a set of gauge 
symmetries which we denote collectively as G. We will 
assume that there are various anomalies involving A 
and fields in G, but no anomalies involving fields en- 
tirely in G. The left-handed fermions will be in some 
representation r of G (which may be reducible). If 
we decompose r into irreducible representations, 
r=  Q ri, then each irreducible component r~ will in 
general have a different charge a~ under A. Let 2, be a 
representation matrix for the representation r~ of G. 
For simplicity we will assume that there is a single 
scalar field q) which acquires a non-zero vacuum ex- 
pectation value which leads to spontaneous breaking 
of A. G may also be broken to a subgroup by the ex- 
pectation value of q~ but we will focus for now on the 
breaking of A. 

In order to gauge the A symmetry we must first re- 
move the anomalies involving A. One simple way to 
do this is to introduce additional fermion fields in 

appropriate representations of G and A so as to can- 
cel the anomalies. This is the model of cosmic string 
superconductivity with Fermi charge carriers consid- 
ered in ref. [ 13 ]. There is, however, another possible 
mechanism for cancelling U ( 1 ) anomalies in four di- 
mensions which is closely related to the Green- 
Schwarz mechanism. In this section we will give an 
effective field theory description of the anomaly can- 
cellation and its effect on the structure of vortices 
created by the spontaneous breaking of A. In the next 
section we will see how models very similar to this 
occur naturally in a large class of compactifications 
of the heterotic superstring which preserve spacetime 
supersymmetry. 

We can choose to define the anomalous variation 
of the measure coming from the fermions so that the 
measure is invariant under G and Lorentz transfor- 
mations. There is then an anomalous variation of the 
effective action under A gauge transformations 
~AAA = d A  A given by 

8AS=--  32~1 I ( C A F 2 A + c G t r F ~ - - Q t r R 2 ) A A  

(3.1) 

where the constants CA, CO, and cL are given in terms 
of the fermion content by 

CA=~ ~ a 3 d i m r i ,  c~= ~ a ,  t r22,  
i i 

cL=~4 ~ at dim ri. (3.2) 
t 

To cancel the anomaly (3.1) we follow ref. [ 14 ] 
and introduce a two-form potential B with a varia- 
tion under G, A, and Lorentz transformations: 

8B= --M-I[O)~A + (C(~/CA)O)~ 

-- ( CL/CA)O)~r] , (3.3) 

where M is an arbitrary parameter with dimensions 
of mass. The quantities co~A, ~o~G, O)~L are defined as 
usual by the descent equations, e.g. F2=do)3, 
~iO)3=dfD ~. The anomalies are then cancelled by the 
addition of the term 

1 f MCABF A -k-AA(cGO)3G - - C L O 3 L  ) . (3.4) 
32zt 2 

The term involving BFA is independent of any am- 
biguity in defining the anomaly. The other terms de- 
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pend on an arbitrary choice of  how the variation un- 
der Q and Lorentz transformations of  the BF~ term 
is cancelled between the anomaly from the fermions 
and the/IAfO3Q , AAO)3L terms. As already mentioned, 
the choice made here is that the fermion anomaly has 
no contribution from G or Lorentz transformations. 

To complete the lagrangian we must add a kinetic 
energy term for B of  the form 

f IT*H, (3.5) 

where H = d B + M - ~ [ ~ @  + (CG/CA)(J)Q3 -- (CL/CA) 

×o)~] is the gauge invariant field strength for B. H 
satisfies a Bianchi identity 

d H = M - I [ F A  + (Cc~/CA tr F 2 -  (CL/CA) tr R 2 ] , 
(3.6) 

and the equation o f  motion 

d ' H +  (1/64zrR)Mc~FA=O. (3.7) 

This allows us to trade the two-form B for a zero-form 
b since (3.7) implies that on shell 

* H +  ( 1/647r 2 ) CA,~IfA A = d b .  (3.8) 

The Bianchi identity (3.6) then becomes the b equa- 
tion of  motion 

d * d b = m  ' [F~  + (c(;/cA) tr F 2 - (CL/CA) t r  R 2 ] 

+ ( 1/647r 2)cAMd*AA, (3.9) 

and the H equation of  mot ion (3.7) is now the 
Bianchi identity for db. 

Since H w a s  gauge invariant, we see from (3.8) that 
b must vary under A gauge transformations as 
(SAb = ( 1/64~z 2 )cAMAA, where AA is the parameter of  
the gauge transformation. We can now rewrite the 
anomaly cancelling terms and the H kinetic energy 
term in terms ofb. The H kinetic energy term becomes 

f [  -- ( 1/647r 2 )CAI~I*A~ ] * d b  

× [ d b -  ( 1/647r 2)cAMAA] , (3.10) 

which clearly indicates that the gauge field AA be- 
comes massive by eating the b degree of  freedom 
[ 15 ]. The anomaly cancelling term can be rewritten 
using (3.8) as 

- 2  J [ * d b -  ( 1/64~r2)cAM*AA] 

× [ d b -  ( 1/64g2)CAMAA] 

+ 2M f b [ f ~  + (CUCA) tr F~, - (CL/CA) tr R 2 ] , 

(3.11) 

and we see that the second term has a variation under 
A gauge transformations which cancels the anoma- 
lous variation (3.1). 

In the models we are interested in, with A sponta- 
neously broken, this is not the whole story since the 
vacuum expectation value of  • also give a mass to 
A~. This gives rise to a coupling f v2 (dO-gAA)  * 
× (dO-  gAA ), where 0 is the phase of  the field q~. The 
gauge field AA therefore eats a linear combinat ion of  
0 and b and acquires a mass of  order M +  v. 

Gauging the A symmetry modifies the structure of  
the vortex solution since the A gauge field now plays 
a significant role. I f  A were an ordinary local U ( 1 ) 
symmetry, the gauge field would assume the value 
AA = ( 1/g) dO outside the core of  the vortex, corre- 
sponding to pure gauge away from the string and a 
magnetic field with total flux 27r/g running along it. 
This would ensure that the covariant derivative 
( d - i g A ) ~  vanishes outside the core, so the vortex 
solution describes a local string with finite energy per 
unit length. 

In the case of  a pseudo-anomalous symmetry A, 
however, the magnetic field at the core of  the vortex 
acts as a source for the field strength H (3.7) which 
falls off as 1/p outside the string, leading to a loga- 
rithmic divergence in the energy per unit length of  
the string. Thus, breaking a local U(1 ) symmetry 
leads to a vortex with a global structure because of  
the presence of  the antisymmetric tensor field needed 
for anomaly cancellation. To see this another way, the 
core of  the vortex acts as a source of  0 but not of  b, 
hence 0 but not b has non-trivial winding number  
around the string. The gauge field AA can be chosen 
so that either [ d b - ( 1 / 6 4 7 r  2 )CAMAA] o r  (dO--gA A ), 
but not both, vanishes outside the string. In fact, AA 
assumes the intermediate value (2 /g)  dO, 0 < 2 <  l, 
determined by the ratio of  the mass scales M and v. 
Minimizing the coefficient multiplying the (loga- 
rithmically divergent) energy per unit length of  the 
string yields ; l - l =  l + (Mca/647r2gv) 2. The induced 
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Q-gauge current (2.3), which is responsible for the 
optical activity described in the last section is inde- 
pendent of  2, however, and is exactly the same as that 
of  an ungauged axion string. Of  course, as mentioned 
before, it is because the vortices formed by the break- 
ing of  the pseudo-anomalous symmetry A by the field 
q~ are global rather than local that they can exhibit 
optical activity. 

The introduction of  the anomaly cancelling coun- 
terterms and the arbitrary mass scale M may appear 
rather artificial from the field theory point of  view. 
They arise naturally, however, in superstring com- 
pactification as we will now discuss. 

4. Pseudo-anomalous U(1) strings in superstring 
compactifications 

In this section we will describe how the model dis- 
cussed in the previous section can be imbedded in a 
large class of  superstring compactifications. Al- 
though the simple field theory model was perfectly 
consistent, the introduction of  the antisymmetric 
tensor field and its role in anomaly cancellation oc- 
curs most naturally in the context of  superstring 

theory. 
The simplest Calabi-Yau compactifications of  the 

Es®Es heterotic superstring and their orbifold coun- 
terparts do not lead to pseudo-anomalous U ( 1 ) fac- 
tors in the low-energy effective field theory, but many 
other compactifications do. Examples include Calabi- 
Yau compactifications of  the Spin(32)  heterotic 
string and many orbifold compactifications of  the 
EsQE8 heterotic string. In all these cases one can dia- 
gonalize the U (1) factors so that there is a single 
pseudo-anomalous U ( 1 ) factor A and a set of  U ( 1 ) 
and non-abelian gauge groups G which have anoma- 
lies only with A. The anomaly cancelling terms de- 
scribed earlier can be shown to arise from string loop 
effects but with some stringent constraints on the 
spectrum. In particular, in string theory the transfor- 
mation law of  the two-form B must take the form 
5B= CO~A + OJ~ -- Og~L and the fermion content must 
be such that the constants CA, C~, and cL are all equal 
[4]. 

It was argued in ref. [5] that the presence of  a 
pseudo-anomalous U ( 1 ) in the low-energy limit of  a 
supersymmetric string compactification will lead to 

the generation of  a D term which will destabilize the 
vacuum. The terms in the effective lagrangian in- 
volving the auxiliary D field for the anomalous U ( 1 ) 
have the form 

L n =  ½ D 2 + e x p ( - 3 ~ )  cD 

+ exp ( - ~) O ~ q,~z, ,  (4.1) 
i 

where the Z~ are a set of  scalar fields with charges qt 
under the U ( 1 ), and ~ is the dilaton field. The coef- 
ficient c can be determined by a one-loop string cal- 
culation [16,17],  with the result c=(g/192n 2) 
× X~n,q,h, where g is the coupling constant and n, is 
the number  of  fermions with U(  1 ) charge q~ and hel- 
icity h~= + 1. If  c is non-zero then D has a one-loop 
expectation value which breaks supersymmetry and 
destabilizes the vacuum. In all known examples where 
this occurs it is possible to find a new stable, super- 
symmetric vacuum by giving expectation values to 
some subset of  the scalar fields Z, which carry charges 
under the pseudo-anomalous U ( 1 ) factor [ 5,6 ]. This 
spontaneous breaking of  the U ( 1 ) symmetry will then 
lead to vortices of  the type described in the previous 
section. 

The structure of  such a vortex is rather model de- 
pendent. The Z expectation values will in general give 
masses to some subset of  the fermions which are in 
real representations of  the remaining unbroken gauge 
group. The vortex will act as a source for an axion 
field with couplings to the unbroken gauge fields 
which are determined directly by the quantum num- 
bers of  the fermions which acquire a mass in the U ( 1 ) 
symmetry breaking and thus have zero-modes on the 
vortex. The coupling of  the axion field outside the 
vortex to F 2 of  the various gauge groups arises from 
the jacobian factor when one performs a chiral rota- 
tion on the massive fermions. Equivalently, we can 
argue that the fermion zero modes on the vortex will 
lead to anomalies in the ( 1 + 1 )-dimensional theory 
on the vortex which must be cancelled by charge in- 
flows resulting from the coupling of  the vortex axion 
field to the appropriate gauge group [ 18 ]. So, for ex- 
ample, if none of  the fermion zero modes carry SU (3) 
color quantum numbers then we know that the vor- 
tex does not couple to QCD. If  the vortices couple to 
QED but not to any confining gauge forces then they 
could exist as cosmic strings today and would exhibit 
the optical effects discussed earlier. If  these vortices 
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do couple to QCD, they would be confined,  as would 
macroscopic  heterotic  strings. There will, however,  
be a l inear  combina t ion  o f  the two types of  string 
which does not  couple to QCD and which could thus 
exist today. This makes it at least conceivable  that  we 
could one day de te rmine  proper t ies  of  superstr ing 
theory by as t ronomical  observat ions,  We will not ad- 
dress the quest ion of  whether  such "coaxia l"  strings 
would be expected to form in a cosmological  context.  

Let us now work out  the energy per  unit  length of  
such global strings in superstr ing theory. Firs t  con- 
sider macroscopic  heterot ic  strings. As poin ted  out in 
ref. [ 19 ] the energy per  unit  length of  such strings is 
nol as large as one might imagine. This can be seen 
by considering a toroidal  compact i f ica t ion  of  one 
spatial  d imens ion  on a circle of  radius  R, where we 
imagine R to be o f  as t ronomical  size. The mass 
squared of  a state with unit  winding number  is 
M2=R2/oL '2 and its length is 2gR so that  the mass 

per unit  length is # =  1/2~roz', where in the heterotic  
string the pa ramete r  c~' is given by 2x2/g 2. Here g is 
the four-d imensional  gauge coupling and K2= 87rG. 
We thus have Gg=g2/32Jr 2 which is on the order  o f  
10 3 for g2/4rr~ 1/40. 

For  the global strings associated with breaking of  
the pseudo-anomalous  U ( 1 )  the energy per unit  
length is on the order  of  I ( Z )  I 2, where ( Z )  is the 
vacuum expectat ion value of  the scalar field which 
breaks the U(1  ). Reinsta t ing dimensions,  we find 
from (4.1)  t h a t / ~ ~  (1/2o~')(g/192~2)a, where a - -  
Y,n,qihi is a model  dependent  factor or order  1. Using 
the previous results we thus f ind G / t~  few 10 6. In 
many models  the breaking o f  the pseudo-anomalous  
U(  1 ) is accompan ied  by breaking of  addi t iona l  non- 
anomalous  U(  1 ) factors [20].  Thus there is the pos- 
sibil i ty for a rich spectrum of  both global and local 
strings at the scale of  interest  for galaxy format ion  in 
these models.  

Finally, it is worth ment ioning  that  aside from 
macroscopic  superstrings and the cosmic strings dis- 
cussed here, the possibi l i ty  for topological ly stable 
global strings in superstring compactif icat ions is quite 
l imited.  It was argued in ref. [ 21 ] that  the only global 
symmetries  in superstring compactif icat ions are non- 

l inearly realized symmetr ies  associated to axion-l ike 
fields. We thus expect that  any global string arising in 
superstr ing compact i f ica t ions  will act as a source for 
fields with axion-l ike couplings. 
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