forvmeationng evolution
of cosimic suplrstrings

Mairi SakRellariadow ,.ﬂ"‘.

Ki Collece London

* =
= B 5
o BT
o . T :' 1| 1 | ]
i oA S
- | = 5 i
)
[[HR IR &
¥
(PR

=




outline

" introduction / motivation

" cosmic superstring formation

" differences between cosmic strings and cosmic superstrings

" cosmic string/superstring network. evolution

" detection of cosmic superstrings

" conclustons




wtrpduction / wotivation

observational data (CM®B) strongly support the inflationary paradigm

Speroel (2006)

* despite its suceess, inflation remains a paradigw in search of a model

* successtul inflationary wodels should be wotivated by fundamental physics

* as the coswmological data keep tmproving tmpressively fast, it becomes urgent
to find an inflationary wodel with a solid theoretical foundation

* susy guts: end of inflation is accompanied by coswmic string formation

Jeannerot, Rocher, Sakellariadou (2003)

* studies ow the probability of the onset of inflation indicate that it should take

Lace in the deep gquantum gravity reoive
P CP 1 2 5 9 Calzettn, sakellariadou (1990)

Germant, Nelson, Sakellariadou (2007)

inflation in the process of brane Lnteractions,
within brane cosmology tn string theory context




wtrpduction / wotivation

observational data (CM®B) strongly support the inflationary paradigm.

Spergel (2006)

+ despite its success, inflation remains a paradigm in search of a wodel

* successtul inflationary wodels should be wotivated by fundamental physics

* as the coswmological data keep tmproving tmpressively fast, it becomes urgent
to find an inflationary wodel with a solid theoretical foundation

trings

* studies ow the probability of the onset of inflation indicate that it should take
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Lt string theory is the theory of everything, one should be able
to find a natural tnflationary scenario within string theory

= one WLLL be able to tdentify the inflaton and its properties

= cosmological measurements will help to determine the
precise stringy description of our universe




brane world wodel: vealisation of nature in string theory

S | ololen
brane

higher dimensional bulk

all standard wodel particles ave open string modes

each end of an open string st enol on a brane

the standard model particles arve stuck on
a stack of Dp-branes, while the remaining p-= of the
dimensions are wrapplng some cycles tn the bulk,
where closed string wodes such as graviton Live




cosmological models inspired by string theory:

" compactification to 4 space-thme dimensions Leads to scalar fields § modull
" modull could be the inflaton field, provided they do not roll quickly

runaway modull would destroy any consistent cosmological model

il |/ 00lLLL stabilization, e.g. KIKLT scenario

Dasgupta, Rajesh, Sethi (1999)
giddings, Kachru, Polehinski (2002)
Kachru, Kallosh, Linde, Trivedl (2002)
rachru, Kallosh, Linde, Maleadena, McAllister, Trivedl (2003)
" brane annihilations allow the survival only of 3-dimensional branes,
Durrer, Kunz, Sakellariadoun (2005)

Nelson, Sakellariadouw (2008)
with the production of fundamental (F-strings) § Dlrichlet D1-branes (B-strings)

F- and D-strings (cosmic superstrings) are of cosmological size and
they could play the role of cosmic strings
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end tnflation via brane--anti-brane annihilation

whew tnter-brane separation decreases below a

critical value, the tachyon field (open string stretehing between
brane-—-anti-brane) develops an tnstability, and the rolling of
the tachyow field signals the decay of the brane--anti-brane pair

tachyown field: complex field with a non-trivial vacuum manifold
g fOrvaation of stable vortex configurations

these vortices are Lower-dime branes, whtech would appear
as cosmic strings to a 4-dim observer




cosmic superstring formation

Dp — Dp pair annihilation to form a daughter brane:

= a brane has a U(1) gauge symmetry and the gauge group of the system
s U(1) x U(1)

= the daughter brane possesses a U(1) group: the Llinear combination U(1)-

" tachyown rolling results in SS®B, which supports defects with even codimension

D(p — 2k> -branes tnside Dp -branes

(3+1)-dim universe: either D3-branes or Dp-branes with (p-3)-dim compact

Kibble mechanism in uncompactified dim=3 p o = 1,@ 3

D(p — 2) -branes are seen as COSMIC SUPERSTRINGS to a 3-dim observer

D3 — D3 annihilation: vortices are D1-strings

= the other linear combination disappears (owtg one brane remaaing) log
having its fluxes confined by (confining) fundamental (F) strings




(3+1)-dim universe smp either D3-branes or Dp-branes with (p-3)-dim compact

Kibble mechanlsm tn uwcompactiﬁed AM=32 d — 1, 2,3

D(p — 2)-branes are seen. as COSMIC SUPERSTRINGS to a 3-dim observer

they extend in one Large dim, wrapplng same compact space as original Dp-branes

D3 — D3 annihilation: vortices are DL-strings

= the other linear combination U(1), disappears (ong one brane remaing)
by having its fluxes confined by confining strings which are thought to be
fundamental (F) closed strings




Fundamental (F) strings and 1-dime Dirichlet branes (D-strings)
are generically produced at the end of brane tnflation

collisions of F-strings § D-strings produce FD bound states

! 4

superstring ntercommutations form a trilinenr vertex




differences between cosmice strings (type [ Nielsen-Olesen
vortices in the Abelian Higgs wmodel) and cosmic superstrings

7Dcosmic strings =1 7)cosmic superstrings <K 1

Jackson, Jones, Polehinskl (2004)
Fr-strings: il O(g)) 105 <P <1

INESTEVISI0.1 < P < 1
FD-strings:

networks: (sub-horizow sized) Lloops and (super-horiZow: sized)

= cosmic superstring networks: also junctions at
which three string segments meet

"'--.{gLL strings in an ordinary string network have the same tension, whereas.
there is a whole range of tensions for cosmic superstrings
these two features are shaved with type-1 vortices tn the Abelian Higgs model, but
Ln constrast with them, superstrings have two integer-valued charges, p and q

Donaire, Rajmti@ (2006)




cosmic string evolution

" cosmie strings stretehing across the horizon: the energy density scales Like 1/a*

cosmic string Loops: the energy density (as for monopoles) scales Like 1/a®
Tre—— wai\/eLg, the cosmic string olewsitg Ls a problem
however, thelr interactions substa wt’uaug Suppresses the dewsitg

Intercommutation of tntersecting strings § decay of resulting string Loops reduces
the density so that it decreases like radiation (matter) during RDE (MDE)

" the network rapidly approaches the scaling solution
nmmp physics is dictated by the single parameter G

Bennett, Bouchet (1990)
Sakellariadow, Vilenkin (1990)
Shellard, Allen (1990)

Ringeval, Sakellariadou, Bouchet (2006)
vanehurin, Olum, Vilenwkin (2006)
Mavtins, Shellard (2006)
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evolution of cosmic superstring networks
acm: build a stmple fleld theory wmodel of bound states, in

analogy with the Abelian Higgs model, and study its properties
using lattice stimulations

characteristics:

= bound states have different tension thawn single-charge strings

= set long-range lnteraction of each species of strings tndividually;

different components of the Fp-string are expected to exhibit
different types of long-range interactions




the model

= two different species of cosmic strings:
include two sets of fields of the Abelian Higgs model

= formation of bound states:

introduce a coupling of the scalar fields via a potential

= one non —BPS species of strings (such strings have long
range tnteractions):

consider the second type of string to be the topological defect
of a scalar field with a global U (1) symmetry

Rajantle, Sakellariadou, Stoica (2007)




Lf both specles of strings are BPS:

S= [dzdt| —LF* — YD) (D"e)* — A(gg* — 1)
— 1H? — 3(D,x)(D*x)* — 9" (xx* — 12)?

Dluq5 — 5’“¢ — ielAM¢ D,LLX — auX — Z.6261MX

F,=0,4,—0,A4, H,, =0,.C,—0.0C,

Q@ the Higgs fleld X the axion field

- ln the case of & non-BPS specles of string: set 9 = ()

Rajantle, Sakellariadou, Stoica (2007)




there is only one pair of Local and one pair of global strings

attractive interactions between global these bound states thew split as the
strings result tn thelr motion towards global strings continue to move
the local ones towards each other

does the formation of bound states can

stop the motion of the global strings? flnally they collide and anninilate

global strings wmove towards local ones
and cross them, forming bound states bound states do not survive the long-
range interactions of global strings

Rajantie, Sakellariadou, Stoica (2007)




does the existence of bound states prevent a cosmic superstring network from
reaching a scaling solution?

use a fielol theory model to study the effect of junctions in the evolution of a
network composed by F, B and FD-strings

" scaling of F,B,FD-strings Ls robust

" theve Ls a supplementary energy loss mechanism, tn addition to chopping

off Loops
new wmechanisim: formation of bound states with tnereasing length

overall network does not freeze because the string length of the unbound
states oecreases faster

Sakellartadou, Stolea (200L)




cosmmie superstring detection

cosmic superstrings nteract with SM particles via gravity

i1 Olctection involves gravitational interactions of cosmic superstrings

' rRR/dilaton emission

" gravitational lensing
" micro-lensing,

" CMB awisotrop’ues




cosmic strings in flat space-time

constraint equations and string e.om.:

x*(0,t) = 1[a'(oc — t) — b'(o +t)]?

a'(o) and —b'(0) describe closed curves on a unit sphere

they satisty: fOL aldo = fOL b'do =0 but otherwise are arbitrary

Lf the two curves intersect thew: x*(o,t) =1

smooth Loops will in general have such Luminal polnts: cusps

property of loop solutions: polnts along the string can reach the velocity of Light




wow—periodic strings ending own brawnes

a DB string ending on two stat'wwarg anol pamLLeL Dp—bmwes

E E:u;:,-t‘:? — (jr:_u_-: :l-; T (}'f d‘"ilm_-:
/ / ° / / / d / /
boundary conditions onX and X for Newmann and in Dirichlet directions:

a’ and b’ curves are related by inversion through a surface of tdentical dimension
and orientation to the Dp-branes, that passes through the centre of the unit sphere

a’, b’ : closed curves on unit sphere,
but their cemtres of mass are not
necessarily at centre of unit sphere

= b (t+ o)
Plane of
reflection

cusps: if and only if a’ and b’

) ) p=2:a’ and b ave reflections of each other across a
Lntersect on the unit sphere

plane passing through the centre of the unit sphere




D1-branes

a’ and b’ intersect whenever the Line through which they are Lnverted s
encloseol by the closed curves

there Will be a paiv of polnts that
arve Lhwvarlant under Lnversion

[nversion line

Davis, Nelson, Rajamawohamw, Sakellariadouw (2008)

cusps tn a significant fraction of cases provided |A| < | G e




genericity of cusps on non-periodic strings ending on branes

" cusps are geweric features of an F-string ending on two parallel D-strings

" an F-string stretcheol between 2 three-string junctions behaves as an F-string
between 2 DI1-branes (to order @S)

st m—- 0 0l of three-string junctions would have cusps

Davis, Nelson, Rajamawol/\amw, Sakellariadouw (2008)

CUSPS exLst Ln wow—p&rlodla strings ending on D-branes

under S-duality the role of Fand b strings is reversed.

cusps exist on light D-strings ending on three-string junctions

aw and SM flelds + dilaton/RR/wmodull/gravitines/stable SUSY particles can be emitted




gravitational lensing

- deficlt angle:
a galaxy benind a long cosmie string will
appear as a douwble undistorted bmage

Shlaer, wyman (2005)

= wiggly strings lead to a local gravitational attractive force towards strings
wmp eLLIptical distortion of background galaxies

DY da, Brandenberger (2007)

- string Junctions will effect lensing

Brandenberger, Firouzjaht, Karouby (2007)

micro-lensing,

= string loops can lens stars, which shows up as the brightwess of a star doubles
for a short period of thme

= event rate for micro-lensing of distant quasars by cosmic strings is tiny

Kulken, Stemens, vachaspatl (2007)
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- WMAP data constrain the contribution from cosmic strings to be at most

— G,LL < % 10—7 Bouchet, Peter, Riazuelo, Sakellariadouw (2000)

. Pogostan, Tye, wassweman, Wyman (2002)
C)= @C’}nﬂ + (1 — Oz)CES Jeong, Smoot (2005)

at most 10%

= a B-mode polarisation signal from strings is expected to be much stronger
thaw that in a pure inflationary scenario




gravity waves

= a wetwork of strings produces a stochastic background of gravitational waves,
within the sensitivity frequency range of Advanced LIGO / VIRGO and LISA

= such stochastic qw also influences the very precise pulsar thming measurements

ng( ) — (f/pc)dpgw/df Damour, Vilenkin (2005) ; Stemens et al (2006)
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Stemens, Mandic, Crelghton (2007)




cosimic superstrings are more accessible because the spectrum amplitude
Ls inversely proportional to P through its dependence on the Loop density

Sakellarviadouw (2005)

the pulsar Limit Ls the most constraining; BBN § CMB bounds are consistent
with, but somewhat weaker

the bound rules out cosmic superstring models with G > 1072 when P~107°
even for P 1071 superstring tensions with G > 1071 ave vuled out

Fielot theoretic strings and superstrings with P~ 1 are vuled owr for G > 1078

Stlemens, Mandice, Crelghton (2007)
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thelr properties and subsegquent cosimologiedl evolution tntold scaling
network open up thelr posstidle detectioms in the near future, Via
cosmological, astrophysieal and gravitatienaliwave measuiments

-

finding distimetivestidingy signlitures in obsern/ltiows will veveal

the partteular brone mﬂatwwarg scema (o anela/att ate string theory
and the brane world scenario g




