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Abstract

Modern string theory provides a rich array of objects which could potentially appear as cosmic strings in our observable
four-dimensional universe. However, there are many possible decay modes which would prevent the appearance of such strings.
We investigate the conditions under which metastable strings can exist, and we find that such strings are present in many
models. Hence cosmic strings give a potentially large window into string phyRiaste this article: E.J. Copeland et al.,

C. R. Physique 5 (2004).
0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Super cordes Cosmiques | I. La théorie moderne des supercordes fournit un choix riche d’objets qui pourraient potentielle-
ment apparaitre en tant que cordes cosmiques dans notre univers quadridimensionnel observable. Cependant, il y a beaucoup de
modes possibles de désigration qui empécheraient I'apjiaon de telles cordes. Nous étadis les conditions dans lesquelles
des cordes métastables peuvent exister, et nous constatods tglkes cordes sont présentes dans beaucoup de modéles. Par
conséquent les cordes cosmiques ouvrent une fepétemtiellement grande vers la physique des supercofdes.citer cet
article: E.J. Copeland et al., C. R. Physique 5 (2004).

0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The following is a summary of the work appearing in [1].

While superstring theory is certainly a theory of strings, the usual expectation is that these strings are microscopic in size. In
this contribution, we will ask the question whether it is possible that in the evolution of the early universe some of these strings
could have expanded to a macroscopic size. Such strings with cosmological extent could then be seen as cosmic strings with
astronomical observations in the present ddis preamble explains the title abovetoghe annotation ‘II'. The latter is added
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because the title is actually borrowed from [2], in which Witten asked this same question some twenty years ago. At that time,
he argued that this scenario was unlikely given the understanding of string theory at that time.

While we will argue that this conclusion should be revised with our modern perspective of string theory, it is useful recall
the discussion appearing in [2]. In 1985, string theorists had constructed the five consistent superstring theories: type I, heterotic
Eg x Eg, heteroticSQ(32), type Ila and type lIb. The type | theory is an open string theory and so any macroscopic string will
rapidly fragment by the formation of endpoints. By this process, the macroscopic string will be converted on a stringy time scale
to microscopic open strings, i.e. the ordinary quantum excitatibtige theory. In the heterotic theories, there are Chern—-Simons
couplings between the two-form sourced by the strings and the gauge fields. As a result, macroscopic heterotic strings always
appear as the boundaries of axion domain walls whose tension is again string scale. The tension of these domain walls would
cause any macroscopic strings to collapse on cosmological time scales [3]. At the time of Ref. [2], a long type Il string was
thought to be stable, however, the absence of gauge fields made these theories unlikely to be phenomenologically interesting.
Much later in 1995, [4] made clear that NS5-brane instantons will lead to the appearance of an axion potential and domain walls,
which would lead to the collapse of macroscopic type Il strings. Hence the details of the microphysics of string theory seemed
to prevent the appearance of cosmic fundarakstrings. Still Witten’s discussion cled with the observation that superstring
theories give rise to rich low energy phenomenologies, which might still give rise to ‘conventional’ cosmic strings in the form
of magnetic or electric flux tubes. Even settiaside the microscopic details, the&that fundamentatrings might appear
as cosmic strings faced other challenges in the pre-1995 era. First and foremost, fundamental strings were believed to have
tensionsu close to the Planck scale, whereas the isotropy of the cosmic microwave background implied (even before COBE)
that any string of cosmic size must hatig. < 10~° [5]. From this point of view, the ntroscopic instailities were a good
thing, as otherwise string theory would have been at odds with experimental observation. Of course, inflation provides a simple
explanation for the absence of cosmic fundamental strings of such high tension. Such strings would arise as relics from a very
early Planck scale era of the universe, and so inflation would dilute them away in the same way as other topological defects
were eliminated [6]. Hence inflation would present another theoretical obstacle to the idea of observable cosmic superstrings.

Of course, 1995 was a watershed year for string theory and marked the beginning of a remarkable time when new ideas and
discoveries were introduced in our field at an explosive rate. In the modern post-1995 era, our perspective of string theory is very
different than when [2] was written. First of all, we no longer regstring theory to be solely adlory of strings. Rather we know
that extended objects like D-branes, NS5-branes and M-branes play an important role in defining the theory and governing the
physics of certain situations. Hence ihdition to fundamental ghgs or F-strings, there are manew branes that could appear
as one-dimensional objects in our observable four dimensions. Of course, there are D-strings but also any of the above extended
branes may be partially wrapped on a compact cycles in the internal space to leave one noncompact dimension. Further the
dualities that relatehie various differentikds of string theories may at the samedinelate fundamentatrings in one setting
to these other ‘strings’ in another, placing them all on a more or less equal footing. Hence if we are to consider the possibility
of F-strings appearing as coststrings, we should consider thessibility of cosmic strings withny of these ‘braney’ origins.

Viable or interesting compactification scenarios is another aspect of string theory where our perspective has evolved dramat-
ically since 1995. Today, we commonly consider ‘exotic’ compactifications with large extra dimensions [7] and/or large warp
factors [8]. As will be discussed below, both of these features allow for strings with much lower tensions. Given these changes
in our present-day perspective on superstrings, it is timely to revisit this subject, and ask whether some of these strings may be
observed as cosmic superstrings.

2. Cosmic superstringsrevisited

Recall the theoretical challenges which the cosmic superstring idea faced in the pre-1995 era:

(i) The strings would have Planck scale tension;
(ii) The strings would be diluted away by inflation;
(i) The strings would be unstable.

We will now re-address each of these issues in lighthefmodern perspective of superstring/M-theory.
2.1. String tension

As mentioned above, compactifications with large extra dimensions [7] and/or large warp factors [8] allow for strings with
much lower tensions. For large extra dimensions, one proceeds as with a standard Kaluza—Klein reduction. Hence looking at
the reduction of the Einstein term in, e.g., the ten-dimensional supergravity action:
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Hence the four-dimensional Planck length is a derived quantity related to that in higher dimensions as
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using the result 16G = (2n)7g§£§ for type Il strings. Of course, Eq. (2) applies for any Kaluza—Klein reduction of a ten-
dimensional string theory. The new feature introduced in a scenario with large extra dimensions is, of course, that one considers
a compactification withVg > Z? and so the observed four-dimensional Planck length is much smaller than the fundamental
Planck length of the original theory. Therefore, in such a scenario, the fundamental string tension is small in comparison with
the observed Planckian scale, i.e.,
1 1
MF1= P < o5 - (3)
2nts Lygp

In a warped compactification [8], the internal volume need not be large, and so the Planck scale and the string scale may be
of the same order of magnitude. Instead, warping produces a small ‘effective’ tension for certain strings. The warped spacetime
metric takes the form

ds? =AW g, de dx” + ds? (). ()

Hereg,,, is the metric observed by low energy observers. That is, this is the metric with which the ‘clocks and rulers’ of low
energy experiments are defined. Above this metric is multiplied by a conformal factor which depends on cooyflinatae
internal space. By definition, we will sefte= 1 in the bulk of the internal space. However, the expectation is that there will be
throats with strong warping wheré'e < 1. Such scenarios are simply constructed in the context of the type Ilb theories [9].

Now if a fundamental string falls to the bottom of such a throat, it will have an effective tension which is much less than
the fundamental string tension. Consider a string with tengigp. Hence at a generic point in the internal space, a segment of
string with lengthD carries an energys,nD. However, at the bottom of the throat, if a segment of string is measured to span
a distanceD, its proper length is only~ D and so the string carries a much lower energy. Also accounting for the red-shifting
of clocks at the bottom of the throat, one finds

Heff = eZA"l/«fun < Mfun- %)

The gravitational potential of the warped throat also plays the important role of confining any strings which fall into the throat
to remain this portion of the internal space.

One can also understand the above from a ten-dimensional perspective where the string tension is fixed throughout the
spacetime. However, the internal wavefunction of the massless four-dimensional graviton follows the warp factor in Eq. (4).
Hence it is peaked in the bulk of the internal space and exponentially suppressed at the bottom on a throat. Then the reduced
effective tension reflects the weakness of the overlap of this wavefunction with the strings, i.e., the weakness with which the
four-dimensional graviton couples to strings in the throat.

In any event, what we have seen is that in such compactifications, which are ‘exotic’ by the standards of 1985, the string
tension and the observed Planck scale are decoupled. Hence the existence of cosmic superstrings would not present an obvious
contradiction with the early observations of the CMB isotropy.

2.2. Strings in inflation

In the opening discussion, it was suggested that if fundamental strings had a Planck scale tension, then they would naturally
arise as relics from the initial Planck scale phase of the universe. Hence a later inflationary stage would dilute these strings
away along with any other topological defects produced in the very early universe. However, since we have just established
that we might expect strings to have tensions much lower than the Planck scale, it is natural to think that they might be formed
in a much later and less energetic stage in the evolution of the universe. Hence to avoid the dilution of cosmic superstrings by
inflation, one need only construct a model where they are formed after or at the end of inflation.

Indeed, it was first noticed in [10] that Btrings are formed upon the ¢kiom inflation in scenarios involving collisions of D-
branes and anti-D-branes. It was further argued in [11] thadnldrane-antibrane scenarios [10,12] of inflation, generically lead
to the copious production of lower-dimensional D-branes that are one-dimensional in the noncompact directions. Further, [11]
pointed out that zero-dimensional defects (monopoles) and two-dimensional defects (domain walls) are not produced; either of
which would be phenomenologically dangerous.

These scenarios give a stringy or geometric realization of hybrid inflation and so D-string production can be seen as a
special case of the production of strings in hybrid inflation. For this analogy, the D1-branes can be regarded as topological
defects in the tachyon field that mediates D3-annihilation [13]. Hence in the present cosmological context, their production
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is described by the standard Kibble mechanism [14]. Now fundamental strings do not have a classical description in terms of
these same variables, bitduality would relate D-string production in theltision of a D3-brane withan anti-D3-brane to the
production of fundamental strings. Hence one should expect that both D-strings and F-strings are produced at the end of brane
inflation [1,15].

In fact, given both F-strings and D-strings, there will also(peq)-strings [16], which are bound states pfF1-branes
andq D1-branes [17]. Their tension in the ten-dimensional type llb theory is

1
=53\ (P~ C? +e 242, 6
Mp.q zﬂg\/p q q (6)

whereC and® are the Ramond-Ramond scalar and the dilaton, respectively, both evaluated at the location of the string. The
tension (and existence) of these bound-state strings would have to be re-evaluated in the relevant cosmological context, e.g., in
the SUSY-breaking vacuum of the late univetse.

Hence brane-antibrane inflation provides a concrete scenario which has the potential to produce a rich network of ‘super-
strings’ at the end of inflation, and so these strings may still be present as cosmic strings in the present-day universe.

2.3. String instabilities

Having found that the first two challenges above can be adpidke are left to consider theability of potential cosmic
superstrings. It was noticed in [2] that there are two potential instabilities: fragmentation in open string theories or confinement
by axion domain walls. Unfortunately, with the rich array of strings and compactifications which modern string theory presents,
we can in fact identify an even longlst of possible instabilities:

(i) Breakage on space-filling branes;
(ii) Confinement by axion domain walls;
(iii) ‘Baryon decay’;
(iv) Tachyon decay.

However, these mechanisms aremitentialinstabilities. We find that the existence of stable macroscopic strings will depend

on the specific details of a given model. More accurately, one must investigate whether a particular compactification will support
long strings which are at least metastable on the relevant cosmological timescales. Hence certain classes of string models may
still give rise to cosmic superstrings but others do not. As an example in the next section, we will consider the string theory
inflation model of Kachru, Kallosh, Linde, Maldacena, McAllister, and TrivélLIMIT) [18]. First, let us discuss the various
instabilities above in more detail.

2.3.1. Breakage on space-filling branes

The fragmentation of a type | string is the prototype example of string breakage. The modern interpretation is that the string
forms new endpoints by attaching to a spacetiiiling D9-brane. Similarly, the fundaméal type Il string(F-string) can end
on any D-brane, and so in any type Il model witpranes filling the noncompact dimensions, there will be an amplitude
for the string to break. Of course, for< 9 the D-brane does not fill all of theompactdimensions, and this breakage can be
suppressed if there is a transverse separation between the strings and D-branes. Hence the latter allows metastable strings to
exist in some models with space-filling branes.

Various chains of dualities can be used to determine which strings will break on certain space-filling branes. For example,
performing ansS-duality transformation of the F1/D3 system shows that a D-string can end on a D3-brane and so will be unstable
in compactifications with space-filling D3-branes. From there, one argues with T-duality that a string arising from a D3-brane
wrapped on a two-cycle can end on a D5-brane which wraps the same cycle and fills the noncompact dimensions.

One also has the description of lower dimensional D-branes breaking on higher dimensional branes in terms of the smaller
branes dissolving into various fluxes of the worldvolume gauge field on the larger branes. This point of view is also useful to
determine whether certain combinations of strings and sphicer-firanes are unstable. For example, one finds that a D-string
cannot break on a D7-brane [1]. Similarly, a D-string attaching to a D5-brane is a marginal case. In ten dimensions, a parallel
D1/D5 system is supersymmetric and so saturates the BPS bound. One would have to re-examine this system in detail given the
specific details of supersymmetry breaking to determine whether or not an instability arises.

In summary, stability of macroscopic strings requires thateé be no space-filling branes on which the string can end, or
that the decay be suppressed by transverse separation.

1 We would like to thank Jeff Harvey for a discussion on this point.
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2.3.2. Confinement by axion domain walls

An essential feature of any BP&brane is that it must source (@ + 1)-form field. Hence if cosmic superstrings arise
from having such branes wrap an interiial— 1)-cycle, KC,,_1, a two-form potentialCj2 will couple to the world-sheet of
the effective strings in four dimensions. In the four-dimensional theory, this two-form may be replaced by a scalar agion
usual: d’[p] = *4d¢+ source terms. The strings are electric source€fgy and so magnetic or topological sourcesgoihat
is, on any contou€ encircling the string, the axion field (appropriately normalized) changesrby 2

ygdx-aqb:Zﬂ. (7)
C

Now consider a Euclideat6 — p)-brane instanton, which couples magnetically to the origipal+ 1)-form, wrapping
a (7 — p)-cycle K7_, that intersectdC,,_; once. This brane is an electric source fgrand so the instanton amplitude is
proportional to ¥. Since all supersymmetries are ultimately broken, the fermion zero modes in the instanton amplitude are
lifted, and this produces a periodic potential #arFrom Eq. (7) it follows thatp cannot sit in the minimum of this potential
everywhere as we encircle the string — there is a kink where it changes bn@ passes over the maximum of the potential.
Since the kink ing intersects any contout that circles the string, it defines a domain wall ending on the string. Unless the
domain wall tension is exceedingly small this will cause the strings to collapse rapidly [3]. One might note, however, that
scenarios with large extra dimensions have the potential to produce an exponential suppression of the domain wall tension.

2.3.3. ‘Baryon decay’

Certain string models support form field fluxes on internal cycles, which give rise to an interesting interplay between low
energy gauge fields and the axions associated with four-dimensional strings, as well as a new mechanism for string breakage.
As an example, consider a type Ilb compactification with a three-dgglerith a nonvanishing RR three-form flux:

/nmzm (®)
K3

Now consider a D3-brane wrapped on the same cycle. This is a localized patrticle in four dimensions, which we refer to loosely
as a baryon, because of the role it plays in gauge/stringtglih9]. Now the background flux couples to the worldvolume
gauge field providing a background charge densitydd = — F(3). As spatial sections of the D3-brane are closed, the net flux
(8) would lead to an inconsistency unless other sources are introduced to produce a net vanishing charge. The latter is precisely
accomplished by having/ F1-branes end on the baryon.

Hence, ifM = 1 the fundamental strings can break by the production of baryon—antibaryon pairs: B then instead the
baryon is a vertex at whicl F-strings meet. In this case, baryon—antibaryon pairs can mediate the dggay pktrings to
(p — M, g) strings. The baryon is then a ‘bead’ at whiclia ¢) string and a(p — M, ¢) string join, and it will accelerate
rapidly in the direction of the higher-tension string. This decay mechanism becomes ineffective and hence the strings are stable
for |p| < M/2. More generally, if

/nmzm /H®:M’ 9)
K3 K

then the baryon is a vertex at whigh F-strings and’ D-strings end. In this case, baryon—antibaryon pairs would al}awy)
strings to decay top — M, q — M’) strings.

2.3.4. Tachyon decay

An additional form of string breakage may come from the tachyonic decay of an unstable D-brane. This is similar to
fragmentation on space-filling branes in that the D-brane turns into ordinary quanta on a stringy time scale by decays everywhere
along its length. An unstable D-brane can typically be seen as being constructed fra@alD— for a review see [13]. The
tachyon mediating the decay of the brane is an open string stretching between them. As with breakage, this decay can also be
suppressed by a transverse separation of the brane—antibrane pair.

3. An example: The KLMT model

We now apply the previous analysis to tie M'T model [18], which provides an excellent test case for cosmic superstrings.
Our final result is that the nature of the cosmic strings intindglel depends on precisely how the Standard Model fields and the
moduli stabilization are introduced. We ey three possibilitis: (a) no strings; (b) D1-braseonly (or fundanental strings
only); (c) (p, ¢) strings with an upper bound gn
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inflationary
throat

image throat

Calabi-Yau

Fig. 1. Schematic picture of tHELMT geometry: a warped Calabi—Yau nifafd with throats, identified under 2, orientifold.
3.1. General framework

The KLMT model is based on IIB string theory on a Calabi—Yau orientifold. The internal space is orientifolded by a
symmetry that has isolated fixed points, which become OS-p%ﬁhe.spacetime metric is warped as in Eq. (4). Brane inflation
is realized with a D3-brane falling towards BB-brane at the bottom of one of the throats. There is a large warp fattegd
at the bottom of the inflationarthroat. The resulting resthift has the important role of supmsing both the inflationary scale
and the scale of string tension, as measured by four-dimensional observers. Note that in Fig. 1 the covering manifold has pairs
of throats which are identified under tle but not a single throat identified with itself; most importantly we envisage that there
is no O3-plane in the inflationary throat.

As discussed, the DB3 annihilation in the inflationary throat is expected to produce copious amounts of F-strings and
D-strings, with effective tensions as in Eq. (5). Of course, in this context, one should expect the formatiog)adtrings for
general (relatively primep andg. There is also another possibility, which however can be quickly disposed of. RUNET
model, the throat is a Klebanov—-Strassler geometry [20], whose cross section is topoloﬁoallgﬁ. A D3-brane wrapped
on theS? also gives a string in four dimensions. However, §%is topologically trivial, it collapses to a point at the end of the
throat [20], and so this string can break rapidly. It remains to discuss the stability f the strings.

3.2. Inshbilities without branes

Here we focus on instabilities apart from such breakage on djlieg-branes. Hence these would be potential instabilities
even when no such branes remain in the inflationary throat.

The first observation is that thg, ¢) strings are not BPS. The orientifold projection removes the massless four-dimensional
modes of theB,,, andC/,,, forms which couple to the F- and D-strings [9]. Further one finds that this projection IRItMET
model turns a D1-brane in the inflationary throat into an anti-D1-brane in its image throat. The four-dimensional D-string is thus
in this construction a D131 bound state, a potentially unstable configuration. However, the distance between the D-string and
its image should be somewhat greater tharso the D1B1 strings are stretched and nontachyonic. Even without a tachyon it
is possible for the D1-string to fluctuate into the other throat (or to the O3-plane) and annihilate vidth. tHewever, one can
argue that the gravitational potential confining the strings to their respective throats is strong enough to suppress this decay and
produce strings which are metastable on cosmological time scales.

The decay proceeds through the appearance of a hole in the Euclidean world-sheet, in which thB Divaredannihilated.
At the edge of this hole the D1-brane crosses over to the image throat and annihilates Dith The rate is given by the usual
Schwinger expression for this instanton,

eB B :ﬂaz/p. (10)

Herep is the action per unit area, i.e., the tensi@ﬁ%ﬂn(?gs. The parametes is the action per unit length for the boundary
of the hole. Since the D1-brane passes through the unwarped bulk of the Calabi—Yau, this is Bf/@rdﬂ%gs whereR is the
distance between the throat and its image. The warp factor dominates the result,

B~e 240~ 108, (11)

2 The following results extend to the more gealdf theory construction essentially unchanged.
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where the numerical value is taken from [18]. Hence the warping suppresses the decay by the impressivefaeteere
though the D1 and its image are only a few string units apart! The decay of the F-string and all thépothestrings are
similarly stabilized, because they involve world-sheets that stretch from one throat to its image, through the unwarped region.
Next, let us consider decay via baryon pair production. The only relevant baryons are the D3-branes thatSv?‘ra'Ipttim
Klebanov—Strassler throat. All other three-cycles pass through the bulk of the Calabi—Yau, and so the masses of the correspond-
ing baryon are at the string scale, unsuppressed by the warp factor. For these the pair production rate is then suppressed by the
same factor (11).
The $3 in the throat carried/ units of RR fluxF3) [20,9]. We will assume tha¥ 2 12, which is a lower bound required
for the stability of the originaD3 in the inflationary throat [21]. Thus as discussed above, baryon-mediated decays will not
destabilize the p, ¢) strings with smallp, and there may still be a rich spectrum.
The tunnelling rate may again be detener by a calculation analogous to that above, and one obtains a decay rate for
(p.q) — (p — M, g) of order of € B with

gM?

2p—M
for p > M /2. There is no suppression from the warp factor because the decay takes place entirely in the throat, and the decay
will be rapid on a cosmological time scale for a wide range of parameters.

B ~0.2x

(12)

3.3. Space-filling branes

A key feature, which will distinguish models within the general framework described above, is what branes remain in the
inflationary throat after the end of inflation. In tlMT model there must be additional space-filling branes for two reasons:
(a) there must be the branes on which the Standard Model figkgjsald (b) the moduli stabilitian in this model involves one
or more anti-D3-branes located in a throat. Either of these branes may be placed in the inflationary throat.

The calculations in the previous section shows that any space-filling branes outside the inflationary throat are irrelevant. In
order to break on one of these, the string must fluctuate out of the throat, which again is immensely suppressed (11).

Now suppose that the stabilizif®3-brane(s) are in the same throat in which inflation occurs. That is, inflation is driven by
N D3-branes andi + N D3-branes for somet > 0, so that after annihilatioss D3-branes remain. In this case the F-strings
and D-strings can both break, as can all ¢peq) strings, and there are no cosmic strings. Of course, stabil2Bwpranes
may not be present in more general constructions — see, e.g., [22] — which may then avoid this problem.

Now let us consider the Standard Model branes. IfKh&1T model it is natural to introduce D3-branes andd@-branes,
as well as D7-branes in the F theory constructions. Reference [23] gives constructions of the Standard Model in terms of local
configurations with these ingredients. These local constructions can then be incorporated kitdvifiemodel. In order to
reduce the supersymmetry of the low energy theory, it is necessary that the D3-breDasbfanes) be fixed at an appropriate
singularity, for example an orbifold fixed-point. The D7-branes are typically needed for anomaly cancellation, and they must
also pass through this singularity.

If the Standard Model 3-branes and the associated singularity are located in the inflationary throat, then as before all the
(p, q) strings are unstable to breakage. Alternatively, the 3-branes and the singularity may be outside the inflationary throat but
one or more of the D7-branes pass through the bottom of the throat. In this case, the fundamental strings will break but the
D-strings will not. Hence, the only cosmic string is the D-string. One caveat in this argument is that if the gauge field on the
D7-brane is confined in some way, then again a larger sgt,@f) strings will be stable.

4. Observational consequences

The string tension is paramount amongst the physical properties of the strings determining the evolution of cosmic string
networks and their signatures. For the models of [11], which are based on unwarped compactifications with the moduli fixed by
hand, the authors find a range

1011<Gu<109, (13)

with a narrower range around 16 for their favored models based on branes at small angles. FEtLtMET model, combining
Egs. (3.7), (3.9), and (C.12) of [18] gives

GZE4AO _ 8?_]
(Zna/)ng 3271CfN65/2’

(14)

where C1 is a model-dependent constant of order unity andis the number ok-foldings for the observed fluctuations.
Inserting the numerical values [18}; = 1.9 x 1072, €1 = 0.39, andN, = 60 gives 4x 1020 for the right-hand side. The
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left-hand side is simply the product of the valueshigs for the F-string and the D-string, assuming for simplicity that the RR
scalarC vanishes. Thus,

VGurGup ~2x 10710, UF/UD = gs. (15)

With gs in the range L to 1, G uef for both strings would be in the range ¥ to 10-°.

After their formation at the end of inflation, string netierdecay by the combined process of intercommutation (i.e., long
strings decay into smaller loops) and gravitational radiation. Assuming gravitational radiation dominates, and that the decay
proceeds at the maximum rate consistent with causality, the distribution of strings will scale with the horizon volume. For
such a scaling distribution of cosmic strings, the current upper bour@ocomes from the power spectrum of the CMB:

Gu <07 x 1078 [24] (see also [25]). Considennon-gaussianities in the CMB haspnoved this limit slightly to around
Gu<0.3x106[26].

Cosmic strings produce large quiies of gravitational wavedecause they are relativisiad inhomogeneous [27]. Pulsar
timing measurements then place an upper bound;pnwhich is currently the most stringent limit. Here the most precise
measurements set a boungi < 1077 [28].

Strong gravitational lensing by long cosmic strings should provide a unique signature with a distinct symmetry axis as
well as multiple lensing events in a given patch on the sky [29]. One such candidate has been reported recefijly~with
0.4x10°6 [30]. While this claim may be in conflict with the best upper bound quoted above, the observers hope to confirm the
cosmic string model of their gravitational lense with higher resolution images.

Remarkably, future measurements of non-Gaussian emission of gravitational waves from cusps on strings will be sensitive
to cosmic strings with values @ n seven orders of magnitude below the current bound, covering the entire range of tensions
discussed above. According to [31], even LIGO 1 may be sensitive to a range aboundl0~10, while LIGO 2 will reach
down to G ~ 10711 and LISA to Gu ~ 10713, In addition [31], pulsar timing measurements may reach a sensitivity of
Gu ~ 10711 Thus, gravitational waves provide a potentially large window into string physics, if we have a model in which
strings are produced after inflation and are metastable.

5. Conclusions

We have found that both fundamental and Dirichlet strings might be observed as cosmic strings. The issue is model-
dependent — it depends on having brane inflation to produce the strings, and on having a scenario in which the strings are
stable.

Of course, if cosmic strings are discovered, one challenge will be to distinguish fundamental objects from gauge theory
solitons. Indeed, this is not a completely sharp question, because these are dual descriptions of the same objects. If one can
infer that the strings have intercommutatiorobabilities é€ss than unity, this is a strong iledkion that they are weakly coupled
F-strings. Discovery of &p, ¢g) spectrum of strings would be a promising signal for F- and D-strings. Note, however, that
these throats have a dual gauge description [20] and therefore such strings can also be obtained in gauge theory; the spectrum
is actually a signal of aisL(2, Z) duality and so might arise in other ways asliwk cosmic strings are found through the
gravitational radiation from cusps, determining their tensions and intercommutation properties will require a spectrum of many
events. Quite generally the observational bounds can be improved by re-analysing the behavior of the string networks. Cosmic
superstrings suggest looking at new regions of parameter space with smaller string tensions and smaller intercommutation
probabilities [32]. The evolution of thép, ¢) string networks are also more complex than those previously studied, and so one
must first ask whether such networks scale as assumed above.

Nevertheless, cosmic superstrings are viable with our modern perspective of string theory and have the potential to provide
a spectacular new window onto string theory through astronomical observations.
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