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• Flux compactification into a Calabi-Yau like 
manifold yields a stabilized 6-dim. internal space;

• So far, we have not yet found a solution that may 
be identified with nature

• We do not know whether we are close to 
identifying the solution or we are still way off

• Calculation is getting harder

• What observational evidence do we have that string 
theory is correct ?

Many solutions in Flux Compactification



• Distinctive signatures of string theory is strings and 
branes, so it will be nice if we can detect them 
directly.

• Early universe acts as a microscope that 
“magnifies” tiny strings to cosmological sizes so 
they may be detected.

• In Type IIB, there are D3-branes that span our 
uncompactified 3-dimensional space; they appear 
as points in the internal space;

• We may live in a stack of these D3-branes, or a 
stack of D7-branes wrapping 4-cycles in the 
internal space. 
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Standard model particles are open string modes
inside D3-branes

Graviton is a 
closed string mode 

Besides fundamental strings, 
there are also D1-branes,

or D1-strings



D1 and F1 strings
D3-brane

D1-vortex

D1-vortex loop

D1-string

Figure 3: A D1-string intersecting a D3-brane and forming a D1-vortex inside the D3-brane. The
picture also shows a D1-vortex loop existing on its own.

as measured by C2. This screening of C2 charge happens because C2 becomes massive.

Naively, they look like a D1-string screened by an anti-D1-string. However, they cannot

annihilate, since the origin of the RR charge for the D1-component is different from that

for the anti-D1-component. Furthermore, the two charges do not cancel locally. As we

move this vortex outside a D3-brane, the magnetic flux around the core disappears since

the gauge field is absent outside the D3-brane. So this vortex recovers its RR charge

and becomes a D1-string. In this sense, we believe the conserved winding number is the

appropriate quantity to follow as we move a D1-string inside/outside a D3-brane. In the

tachyon condensation picture, a BPS D1-string is a vortex, so here we simply see that the

vortex changes its thickness, tension, and magnetic flux as it moves in/out a D3-brane, but

it is always topologically stable, due to the winding number measured by the axion φ.

As ξ ∼ g1/2
s goes to zero, the vortex grows (1/ξ) to infinite size and its energy density

spread throughout the D3-brane. The D1-string tension (ξ−2) also goes to infinity while the

D1-vortex tension grows only logarithmically. So, as a D1-string moves inside a D3-brane,

it goes to a lower tension vortex with infinite size, i.e., just like dissolution.

4.3 Low Energy Effective Theory in String Theory

The δ-function is the origin of the singular behavior of the tension. Including the partner

of C2 (i.e., |Φ|) should get rid of the δ-function singularity. In string theory, this massive

Higgs mode is always present. Together with φ, they form a complex scalar mode. Consider

the low energy effective theory of a generic Type IIB orientifold model. One may write the

effective Lagrangian for all the string modes as

L = L0,2 + L0,I + LM (4.9)
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F1 strings break up into 
pieces inside D3-branes

D1-strings become 
(metastable) vortices

Size of vortex
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• In contrast to vortices in Abelian Higgs model, 
cosmic strings are the strings in string theory.

• This is the (p,q) strings, where p and q are 
coprime. (1,0) strings are fundamental strings 
while (0,1) strings are D1-strings.

• The spectrum depends on the details.

Gµp,q =
√

p2g2
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Manifold with warped throats and D3-branes

Energetically, D3-branes, D1-strings and F1 strings 
like to move to the bottom of the warped throats

Each warped throat has its own warped factor h.



String tension spectrum in a warped 
deformed throat

to have a simple (expected) form:

Tp,q ⇥
h2

A

2⇥��

⇥
q2

g2
s

+ (
bM

⇥
)2 sin2(

⇥p

M
), (1.3)

but the way it comes about is interesting. Indeed, the tension is obtained by min-
imizing the Hamiltonian of the D3-brane world volume action after integrating out
the extra dimensions. Care must be taken with the Hamiltonian when one has an
electric field on a D-brane. For example the Chern-Simons terms which do not con-
tribute to the stress energy tensor due to their topological nature nevertheless a�ect
the Hamiltonian (hence the tension and energy) by coming into play via the con-
jugate momentum. This contribution turns out to be crucial here and leads to the
above simple formula (1.3).

This formula has the right limits. Setting either p = 0 or q = 0 reproduces
Eq.(1.2). For M � ⇤ and b = hA = 1, it reduces to Eq.(1.1). Because p is
ZM -charged with non-zero binding energy, binding can take place even if (p, q) are
not coprime. Also, M fundamental strings can terminate to a point-like baryon,
irrespective of the number of D-strings around.

The paper is divided as follows. Sec. 2 reviews the properties of the KS throat
we need. Sec. 3 contains the calculation and the main result. Sec. 4 includes general
discussions and some comments on the issues remaining.

2. A Throat in the Calabi-Yau Manifold

2.1 The Conifold

A cone is defined by the following equation in C4

4�

i=1

w2
i = 0 (2.1)

Here Eq.(2.1) describes a smooth surface apart from the point wi = 0. The geometry
around the conifold is studied in [30]. The base of the cone is a manifold X given
by the intersection of the space of solutions of Eq.(2.1) with a sphere of radius r in
C4 = R8, �

i

|wi|2 = r2

We are interested in Ricci-flat metrics on the cone which in turn imply that
the base of the conifold is a Sasaki-Einstein manifold. The simplest five dimensional
Sasaki-Einstein manifold for N = 1 supersymmetry is T 1,1 and it is the only manifold
for which the deformation is explicitly known [12].

4

b = 0.93266

A baryon with mass∼ M3/2hA/
√

α′

E.g.  Klebanov-Strassler Throat :

b=0 in the presence 
of branes

Very large M in bulk

Leblond, Firouzjahi, HT, hep-th/0603161
Herzog, Klebanov, hep-th/0111078



3 properties to consider

• If a throat has no branes, the beads and 
junctions can slow down the strings.

• If a throat has D-3 branes, or D7-branes are 
around, the thickness of the D1-vortex 

• Many throats
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Introduction
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Summary
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A typical flux compactification in Type IIB

A typical flux compactification has hundreds of warped throats,
each described by a complex structure modulus.



Cosmic strings produced 
towards the end of Inflation

• They are fundamental strings or D1-strings or 
vortices stretched to cosmological sizes. 

• They may be produced via the annihilation of 
brane-anti-brane. These have tensions around or 
below the inflation scale.

• They may be produced thermally after inflation 
when the universe heats up to start the hot big 
bang.  These have tensions below the temperature 
scale.
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Possibilities
• Cosmic strings may fall into the throats. Each 

warped throat (with no D3-branes in its 
bottom) has its own (p,q) spectrum. 

•  A throat with D3-branes at its bottom will only 
have D1 vortices.

• Presumably most if not all the throats have 
their own cosmic string networks. Each throat 
has its own tension scale, typically some orders 
of magnitude below the string scale.

• This results in high cosmic string density (i.e., 
sum of cosmic string networks).



Cosmic string network

• Monopoles  :   density ~                   Disastrous

• Domain walls  :  density ~  1/a         Disastrous  

• cosmic strings   :  density ~                                                    
interaction cuts it down to               during radiation

a
−3

a
−2

a
−4
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Cosmic string interactions

p = Probability of intercommutation

p=1 in abelian Higgs model

1 > p > 10-3 in string theory

Jones, Jackson, Polchinski



Scaling of the Cosmic Superstring Network

independent of 
initial conditions

Ωcs = 8πGµΓ

Γ ∼ 10

Insensitive to 
the details of the 

interactions

1 10 100 1000

0

20

40

60

80

100



Relative density of (p,q) strings 

np,q ∼ µ
−8

p,q

2 4 6

0.0001
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0.01

0.1
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History of Cosmic Strings
Early 1980s : Proposed to generate density perturbation as seed for 
structure formation; as an alternative to inflation;                                       
Kibble, Zeldovich, Vilenkin, Turok, Shellard, Vachaspati, .....

• In 1985, Witten attempted to identify the cosmic strings as 
fundamental strings in superstring (heterotic) theory. He pointed 
out a number of problems with this picture: tension too big, no 
production and stability. 

• By late 1990s, Cosmic Microwave Background Radiation data 
supports inflation and ruled out cosmic string as an explanation to 
the density perturbation.

• Polchinski and others pointed out the presence of D-branes and so 
D1-strings in IIB string theory. 

• Flux compactification suggests that a variety of cosmic 
superstrings with low tensions are produced after inflation.
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The cosmic superstring density can be much 
higher than expected, because of a collection of 

cosmic superstring network with low p.

In general, one should detect different string tensions.

• Cosmic strings may oscillate in the internal space 
because the damping into a throat is too weak.
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Search for Cosmic Strings

• Lensing

• Cosmic Microwave Background Radiation

• Gravitational Wave Burst

• ∆T/T

• Pulsar Timing

• Stochastic Gravitation Radiation Background

Micro-lensing of Stars



Lensing CSL-1

Unfortunately not (higher resolution Hubble pictures):

January 2006 If it is cosmic string lensing

1.9 arc sec
⇓

Gµ~ 4 x 10-7



Possible CMB B-mode detection



Bounds on cosmic string tension

Figure 3: The constraints that relate string tension and intercommutation probability

for the case of large loops. Regions below and to the right of the lines are ruled out by:

Big Bang Nucleosynthesis (orange line) and CMB (yellow line) from the gravitational wave

spectra in [120], the Parkes Pulsar Timing Array (blue line) from the analytic form in [101]

and NANOGrav (red dotted line) [103]. The initials BP (green) [122] is the only example

in which the fraction of loops that form at large scales has been inferred from simulations.

The upper bound on Gµ is ∼ 30 bigger than a similar calculation having all loops born at

the large size.

the bounds discussed. The BBN (orange line) and CMB (yellow line) constraints are
shown as a function of string tension Gµ and intercommutation probability p. The

Parkes Pulsar Timing Array limit (blue line) [101] and the NANOGrav limit (red
dotted line) [103] are based on radiating cusp models. Each constraint rules out the

area below and to the right of a line. Most analyses do not account for the fact that
only a small fraction of horizon-crossing string actually form large loops which are
ultimately responsible for variation in arrival times. In this sense the lines may be

over-optimistic (see figure caption).
The bound on superconducting cosmic strings is about Gµ<∼10−10 [121].

In short, cosmic superstrings are generically produced towards the end of in-
flation and observations imply tensions substantially less than the original GUT-

inspired strings. Multiple, overlapping approaches are needed to minimize physical
uncertainties and model-dependent aspects. There is no known theoretical imped-
iment to the magnitude of Gµ being either comparable to or much lower than the

current observational upper limits.

– 25 –

Big Bang Nucleosynthesis (orange line) and CMB (yellow line) from the 
gravitational wave spectra, the Parkes Pulsar Timing Array (blue line) and 
NANOGrav (red dotted line)
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Clustering like dark matter
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Figure 4: Bounds on formation time and string tension for a loop with initial velocity

vi = 0.1 to be captured at physical radius 30 kpc by galaxy formation. (1) Upper bounds

on the formation time ti/t0 are given by the horizontal lines. The condition that cosmic

drag lower the velocity to less than the circular rotation velocity today is given by the red

line. The more stringent condition that capture occur at 30 kpc is given by the turquoise

line. (2) Upper bounds on the string tension Gµ are given by the diagonal lines. The

condition that the loop be younger than its gravitational wave decay timescale is given

by the red line. The more stringent condition that the loop not be accelerated out of the

galaxy by today is given by the green line. (3) The shaded region encompasses string

tensions and formation times giving bound loops at 30 kpc for vi = 0.1 and α = 0.1. The

critical value of µ below which clustering is possible is determined by the upper right hand

corner of the green and turquoise lines. Lowering vi raises the limit on ti/t0 (horizontal lines

moves upward); lowering α shifts the bound to smaller µ (diagonal lines moves leftward).

Shifting the loop orbital scale to smaller values (say the solar position) requires earlier

formation times (horizontal lines shifts down) and allows larger µ (green line shifts to the

right but is limited by the red line which is fixed). (4) The geometric symbols illustrate the

sensitivity of the rocket effect. These are numerical experiments examining the outcome

today (t = t0) for groups of 10-20 loops captured at 30 kpc with slightly different string

tensions: stars = all loops bound, boxes = all loops ejected, triangles = some bound and

some ejected (for clarity the points are slightly offset in the vertical but not the horizontal

direction).

remaining 20% formed large, long-lived loops (α = 0.1). At a given epoch loops

are created with a range of sizes but only the “large” ones are of interest for the
local population. The baseline description is supposed to be directly comparable to

numerical simulations which generally take p = 1. The most recent simulations [122]
are qualitatively consistent.
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Energy density of small cosmic 
string loops

5 10 15 20 25
R!kpc

!10

!5

5

Log10n!kpc
!3

GΜ!c2#10!15!10!8

Figure 6: The effective number density of string loops in two galactic models for a range

of string tensions. The dotted red lines show results for a galactic model with a cusp at the

center, the solid blue lines for a model with a core. The tension is Gµ/c2 = 10−15 for the

uppermost curve and increases by powers of 10 until reaching 10−8 for the lowest curve. The

effective number density depends upon the clustering of loops, the dark matter distribution

within the galaxy, the network scaling and loop distribution and G the enhancement of

string theory strings compared to field theory strings.

8. Detection

8.1 Detection via Microlensing

Consider a straight segment of string oriented perpendicular to the observer’s line of
sight with respect to a background source as shown in Figure 7. Let two photons from

the source travel towards the string. The photons do not suffer any relative deflection
during the fly-by as long as they pass around the string in the same sense. However,
there is a small angular region about the string with two paths from the source to

the observer. Background sources within angle ΘE = 8πGµ = 1.04 × 10−3(Gµ/2 ×
10−10) arcsec form two images. Unlike the case of a point mass, shear and distortion

are absent. The angular size of a sun-like star at distance R is Θ"/ΘE = 4.5 ×
10−4(2× 10−10/Gµ)(10kpc/R) so galactic stellar sources generally appear point-like

for Gµ>∼10−13.
Compact halo objects lens background sources [139, 140] and unresolved, lensed

sources will appear to fluctuate achromatically in brightness. This is microlensing.

Experimental efforts to detect microlensing phenomena have borne considerable fruit
[141].

Likewise, loops of superstring microlens background sources but have a special
property: the source brightness varies by a factor of 2 as the angular region associ-
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A typical microlensing signal of a star by 
a moving cosmic string

Time

Flux

Figure 8: A Schematic Pattern. Digital microlensing doubles the flux over the time

period that source, loop and observer are aligned within the deficit angle created by the

string (red line). The repetition interval for lensing a particular source is the loop oscillation

timescale (green line) and ∼ 103 repetitions in total occur (yellow line). The timescale for

a new source to be lensed by the original loop (or the original source by a new loop) is

much longer (black line).

microlensing). Detection efficiency for digital lensing depends upon the string ten-

sion, the magnitude and angular size of the background stars and the time sampling
of the observations. Estimates can be made for any experiment which repeatedly

measures the flux of stellar sources.
The first string microlensing search [143] was recently completed using photo-

metric data from space-based missions CoRoT1[144] and RXTE2[145]. The method-

ology was potentially capable of detecting strings with tensions 10−16 < Gµ < 10−11

though the expected number of detections was limited by the available lines of sight

studied in the course of the missions. In principle, any photometry experiment that
makes repeated flux measurements of an intrinsically stable astronomical source has

the power to limit a combination of the number density of loops and string tension.
Previous estimates for the rate of detections for GAIA [130] and LSST [146] were
encouraging. Now, detailed calculations for WFIRST are available.

8.2 WFIRST Microlensing Rates [2]

The Wide-Field Infrared Survey Telescope3 (WFIRST) is a NASA space observatory

1The 2006 mission was developed and operated by the CNES, with the contribution of Austria,
Belgium, Brazil, ESA (RSSD and Science Program), Germany, and Spain.

2The 1995 mission was developed and operated by NASA.
3http://wfirst.gsfc.nasa.gov/
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GAIA is the primal Greek Goddess of the Earth



Search
• GAIA (ESA) was launched December 2013, will 

look at a billion stars (1% of Milky Way). It will 
look at each of its target 70 times in 5 years.

• LSST (Large Synoptic Survey Telescope) will 
photograph the entire observable sky every few 
days, starting in 2022.

• WFIRST (Wide Field Infrared Survey Telescope) to 
be launched 2024. It is selected to be the top priority 
for the next decade in astronomy, to study dark 
energy, gravitational lensing and exoplanets. (From 
National Reconnaissance Office, 94 in (diameter) is twice the original design 
size.)



WFIRST gravitational microlensing
22/10/14 1:41 PMmicrolensing.gif 892×960 pixels

Page 1 of 1http://www.ipac.caltech.edu/wfirst/images/microlensing.gif



Rate for WFIRST
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Figure 9: The intrinsic string lensing rate (events per sq degree per year) for WFIRST’s

study of the bulge for G = 102. The three solid lines show digital (red), analog (green)

and total (blue) event rates for the dark matter model with a cusp. The three dashed lines

(same meaning for the colors) give the event rate for the model with a core. The analog

rate does not account for blending which may diminish the detectable rate by no more

than a factor of 10.

designed to perform wide-field imaging and slitless spectroscopic surveys of the near

infrared sky. WFIRST will carry out a microlensing survey program for exo-planet
detection in the direction of the galactic bulge by observing a total of 2.8 square
degrees for 1.2 years. We have evaluated the expected microlensing rate by cosmic

strings for a realistic distribution of stars (stellar types, distances, velocities, etc.),
dust obscuration and survey parameters (flux sensitivity, time of exposure and an-

gular scale of stars). The lensing rate is split into digital events (the flux doubles),
analog events (all potentially measurable flux enhancements given the signal-to-noise
of the observations) and total events (all geometric configurations that can lens,

whether detectable or not) evaluated for two galactic dark matter models (with cusp
and with core at galactic center). Figure 9 shows the string lensing rate per square

degree as a function of string tension Gµ/c2 for G = 102. The lensing rate for digital
and analog events exceeds 10 per square degree per year for 10−14 < Gµ/c2 < 10−10

for the cusp model and for 10−13 < Gµ/c2 < 10−11 for the core model. The results
for the cusp and core models should be regarded as establishing the range of astro-
physical possibilities for the loop density distribution within the experiment. The

range of string theory possibilities (the variation of G) remains substantial. Digital
and spatially resolved analog events can be reliably detected. Blending of sources in

analog events needs to be simulated to fully characterize the fraction of such events
that will be detectable. In any case, the decrease from blending is limited: sources
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WFIRST will carry out a microlensing survey program for exo-
planet detection in the direction of the galactic bulge by 
observing a total of 2.8 square degrees for 1.2 years.

Chernoff et al.



cusps and kinks
  are quite common in string evolution

CUSP

h(t) ~ |t|1/3

KINK

h(t) ~ |t| 2/3

Damour and Vilenkin

gravitational wave bursts
wave form of



Summary
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Cosmic strings with tension

Gµ > 10

�9
to be detected via pulsar timing.

10

�9 � Gµ � 10

�14
to be detected via microlensing.

Cosmic strings with di↵erent tensions or even

junctions will provide distinct signatures.
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The coming decade can be exciting.


