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Why T-D?
There are strong indications of new physics beyond SM: E.g., small

neutrino mass, m, < 0.1eV, may be explained by "see-saw” mech-
anism:

2 14
VEw vpw  \2 (10** GeV
My~ 0.1eV (100 Ge\/) ( N eV

= New physics at high energy scales M > Mgyw.

— Physics beyond SM may allow massive “X" particles with my >
101 GeV.

— Decay of these X particles in the present epoch may give EHE
particles with £ up to my.



Two classes of Top-Down (T-D) models

e Decay of unstable X particles released from collapse/annihilation
of cosmic Topological Defects (TDs) (e.g., cosmic strings, neck-

lace, ...) formed during a symmetry-breaking phase transition
in the early Universe at 7" > 10" GeV.

e Decay of Long-lived Metastable Superheavy Relic Particles (MSRPs)
with 7 > 1.

Spectra of observable particles in T-D models are fixed by parti-
cle physics (QCD, SUSY-QCD, ...) (no astrophysical acceleration)

(but ?)

Generally predict:

e v and v rich spectra.

e Hard spectra (o E~% with a < 2) ( )



Top-Down "signal”

Flux

vs. Bottom-up " background”

GZK "cutoff"

60 EeV 100 EeV Energy



The MSRPs and certain classes of TDs may cluster in the Galactic
Halo

= Galactic T-D scenario —

e Complete absence of GZK cutoff

e Anisotropy towards Galactic center
(" unfavored”?).

More natural: Extragalactic T-D scenario (with Topological De-
fects) = partial GZK cut-off followed by "recovery” (depends on
the hardness of the spectrum). But strongly constrained by Extra-
galactic gamma ray background (EGRB).

Also, nearby, isolated, "bursting” T-D source of EHE particles pos-
sible — not constrained by EGRB.



e Topological Defects arise naturally in phase transitions associ-
ated with symmetry breaking

e TDs not "exotic” — routinely seen in lab systems
— quantized flux tubes in type-ll superconductors
— vortex filaments in Liquid He
— disclination lines in nematic liquid crystals

e Behavior of laboratory strings are well described by Kibble-Zurek
theory initially developed in the context of cosmic strings.



‘Strings” in Nematic Liquid Crystals
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Laboratory: String Formation in Liquid Crystals
Mark J. Bowick,* L. Chandar, E. A. Schiff, Ajit M. Srivastava

ofthe.

Kibble mechanism of dommn (hubble) formation pied isotropic-nematic phase transition

of the uniaxial nematic

/ano-4'-n+-pentylbiphenyl. The number of strings

formed per bubble is abnul 6. This value is in reasonable agreement with a numerical

space of a uniaxial nematic liquid crystal.

Symmetry-breaking phase transitions in na-
ture often spawn topological defects. An ex-
ample of such defects from condensed matter
physics is vortices produced when helium is
ed through its superfluid phase transition.
An important proposal from cosmology is tha
the observed structure of the universe con-
finselicsof tpoloinl et formed s the
carly universe cooled. The important question
of the density of defecu was first treated
theoretically by Kibble (1) using a model in
which the phase transition proceeds by the
formation of uncorrelated domains that sub-
scquently coalesce, leaving behind defects. A
domain is a uniform region of the ordered, or
low-temperature, phase. Kibble assumed that
the order varied randomly from one domain
o the next and smoothly in between, and so
proposed a straightforward statistical proce-
dure for calculating the probability of string
formation.
Although the Kibble mechanism was
proposed for cosmic domains and strings, it

M. J. Bowick, L Chandar, E_A_Schi, Depariment of
Prysics. Syracuso Univorsit, Syracuse, NY 13244
1130, USA

A M. Srivastava, Insttute for Theoretcal Physics, Uni-
versity of Calforia, Santa Barbara, CA 83106, USA
o whom cormospondonce shoukd be addressed.
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should also describe the formation of srings
or line defects in laboratory systems. Some
time ago, Zurck (2) suggested the examina-
tion of vortex formation in liquid helium.
The first experimental success, however,
came in research by Chuang and co-workers
(3, 4). Working with nematic liquid crys-
tals, these researchers were able to ol
the evolution of line defects. In the present
work, we report an experimental verifica-
tion of a crucial aspect of the Kibble mech-
anism: String formation can be predicted
statistically from domain coalescence. Ex-
periments have also been reported recently
on vortex line creation in liquid *He (5).
Nematic liquid crystals (NLCs) consist of
rod-like molecules; the rods are randomly
oriented in the isotropic, high-temperature
phase but show long-range alignment in the
nematic, orientationally ordered phase (6).
To quantitatively distinguish the ordered
and disondeed phases, an order paramete s
typically introduced. For NLCs, this param-
cter may be taken to be the mean orienta-
tion of rods. This value is zero in the
isotropic phase and nonzero in the nematic
phase. Orientational order in the nematic
phase is described by a unit three vector n
out sign, because there s no preferred
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polarity to the constituent rods (n = ).
Thus, the space of possible nematic ground
states is the two-sphere §?, with opposite
points of the sphere regarded as the same
(7)- This space is rich in topological defects
(6-11). It has pointlike defects (mono-
poles), line defects (disclinations or srings),
and three-dimensional defects (texture).
Before describing the present work with
NLCs, we illustrate the Kibble mechanism
using string formation for the simpler case
of two spatial dimensions (planar spins)
(8). The order parameter in some small
spatial region is a unit vector with orienta-
tion 0 varying between 0 and 2 (the
ground-state manifold is a circle §Y). If we
follow 0 along a closed path, we can deter-
mine the total angle A by which 0 winds;
oFcourse A0 must be some ineger multiple
of 2. When A0 is nonzero, a defect must
be present inside the path (see Fig. 1A).
Consider now the situation when three
randomly oriented domains meet at a point
(Fig. 1B). We can then calculate the wind-
ing angle AD using a closed path that
circulates in some specified _direction
around the intersection point; the dashed
line in the figure illistrates such a path. If
6 = +2m, one type of elementary string is
formed when the three domains coalesce.
The probability of string occurrence is

®
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Fig. 1. A series of four diagrams ilustrating the

parameter and require an elementary topologi-
uniform order parameters 6, 0, and 6, The
ing angle A9 is calculated. (C) A graph

ilustrating the calculation of the winding angle
for a path through three domains such as in (8).

il Two dilernt sta of ordr paramaters are
shown; the upper curve leads to defect forma-
ion (40 = +27), and the lower curve does not
(80 = 0). (D) The triangles labeled (+) and (-)
indicate the combinations of 0, and 0 leadingto

= 2 dofects. One-fourth of all combina-
tions lead to defect formation.

943

easily calculated. We denote the order param-
eters in the three domains as 0, = 0, 6,, and
0,. We wish to calculate the winding angle
he sequence of domains follows the
circulation of our path. We also assume that
the variation in 0 from one domain to the
next is minimized. For example, in Fig. 1C
the upper curve has 0, > . We then show 6
tising up to + 27 at the wall between domains
3and 1. A retum to 0 = Ois excluded because
this would require a larger jump. In fact, for a
string in which A = +277, we must have 0,
> . We must also require 6, — 7 < 6, <.
Wb y.cund inequalityis violated, we get A0
ead, as shown in the lower curve.
Allnwlng windings by 21, one can readily
estimate the probabiliy P of forming a defect
from the geomerrical construction of Fig. 1D,
obtaining P = 1/4 (12).
he generalization to three dimensions of
the point defect just described for planar
spins is a line defect. Spin systems, however,
do not possess such line defects. Here the
ground-state manifold is a sphere S unlike
the circle §', closed paths on a sphere are
topologically equivalent to points and do not
indicate line defects. Nematic liquid crys-
tals, on the other hand, do exhibit line
defects, because the orientation is described
by a vector with the added property that
orientations n and —n are equivalent [this
ground-state manifold is denoted as the coset
$/Z,, where Z? i the eyelic group of order 2
(1, Z1))) (8-11). A string defect in this case:
corresponds to the situation in which the
director n rotates by  along a closed parh;
this s called a srongth 12 defece. Tn two
dimensions the Kibble prediction for the
probability of defect formation for the man-
ifold $¥/Z, can again be obtained analytical-
ly, yielding U (13).
We now tum to our experiments and
simulations. We studied the NLC K15 (4-

coalescence and string for-
mation, and string coarsen-
ing. The delay times for each
inago (alered o n e first
frame showing. discemible
Dubles) 10 (825, 8) 3

pentylbiphenyl; BDH Chemi-
cal, Ontari). W used an Olympus model
BH phase-contrast. microscope, equipped
with a monochrome television camera and
a standard video cassette recorder. We
placed a drop of K15 on a clean, untreated
microscope slide and heated the drop with,
an illuminator. After a slow reduction of

intensity, we were able to obtain_clear
images of bubble formation and evolution
as the drop cooled through the isotrop
nematic (I-N) phase transition at 35.3°C.

One set of such images is reproduced in
Fig. 2. Figure 2A shows the numerous small
iolated bubbis ofthe nenatc phse thar

t. Ac short intervals laer, the
mematic bubbles inerease n sie (Fi. 2, B
and C), both by natural growth and by
cml»sccncc In the next stage, the organi-
of the NLC into bubles s seplaced
By on image of a homogencous medium
wih entangled strings. (Fig. 20, which
further evolve by straightening, shrinking,
and the excision of small loops of closed
string (Fig. 2E). The associated string dy-
namics have been well described (3, 4). As
time passes, the string pattern “coarsens.”
mportant aspect of these observa-
tions is that the nematic bubbles shown in
Figs. 2, A to C, formed in a single sheet
near the top of the liquid erystal droplet.
The depth of field of our microscope was
ut 40 um. We see no out of focus
bubbles, nor do we sce the shadowing of
bubbles by other bubbles. We presume that
the liquid crystal cooled most rapidly near
the air interface, leading to the formation
of a nematic sheet ar this interface.

It is faiely straightforward in the exami-
nation of Fig. 2C to select a minimal,
spherical bubble that may contribute to the
observed string formation. Larger, oddly
shaped bubbles arise from the coalescence

(©)55.(0) 115, and (E) 23's. The scal i or al fve pictures.
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of two or more minimal bubbles. We there-
fore estimate the toral number of bubbles N
for the image by counting the toral number
of minimal bubbles involved, with coa-
lesced bukbls countd as the appropeiae
multiple. In Fig. 2C w 55. This
procedure i somewha amblgucu». and we
found about a 10% standard deviation in
independent estimates of the bubble count
in a given picture. This value is compatible
with the standard deviation in the bubble
count for different sequenc
‘e now proceed to estimate the expect-
ed number of strings per bubble n, from the
measured string length L, in Fig. 2D and the
bubble count N. The total string length is
L, = nNd, where d is the linar size of a
minimal bubble. This size may be estimated
d= , where A is the area of the
image in Fig. 2C. Thus, we find n,
LVAN. For Fig. 2C we measure L, = 2.7
1

mm, yielding n, ~ We repeated this

strings per bubble. The error here is the
simple scatistical error in the mean. Our
true erors are dominated by the ambiguities
in bubble count mentioned above an
the coarsening of strings between Figs. 2C
and 2D, which reduces the string length.
e now estimate the probability of
string formation in our experiment using an
elaboration of the Kibble calculation de-
scribed earlie. For this estimation, we need
a model for the directors in a “raft” of
Rematc.bubbles juse befoe. conlecence
(Fig. 2C). We assume that che director
orientation inside a given bubble is roughly
uniform and that this overall orientation
vatiss randonly fom one bubble to anoth-
er. The top portions of the bubbles are in
Contace with air. We also asume chat the

Fig. 3. Latlice representing the domain siruc-

enace s he arector & normal 1o 1o
surface. The bottom faces correspond 10 the
N inertace wheta th direcir makes an angie
of 63.5° from the vertical (although it can vary
azimuthally). Middle latiice sites represent the
regions near the centers of the bubbles,



General Characteristics of T-D models of EHE particle production

X particle decay: Likely to involve new physics (e.g., SUSY ?7)
X — q,L,... new particles

q — N ,m, K, (partonshower and fragmentation)

Parton Shower
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N/m < 10%, ™ — e=,v,v(+D)
Final hadron energy spectra are determined by Fragmentation
Functions (FFs): F"(x,s = M%)

Nt L dzdlx
dflf<x78>:F (SE,S)OCZG/:C - dz

dl'x _.,/dz = decay width of the X into parton a: Calculable in
perturbation theory

(2,8)Dq(x/2,5),

D! is the perturbatively non-calculable parton-to-hadron fragmen-

tation function.
But
: DGLAP eqgn. in QCD.

D' (z, s) can be experimentally determined at low s from say,
. Can then evolve them to get the FFs at

any s. ( )



Coherent branching in parton shower + "Local Parton-Hadron Du-
ality”: An analytical approach
Color coherence — angular ordering of the parton shower develop-

ment — Modified "DGLAP” eqn.

To leading order, the D% =y, D"x,s) is a Gaussian in

£ =In(1/x)
Ds(§) = xDg(x, s) o< exp

)

1
_?ﬂ (5 o §p>2

where the peak position &, = Y/2, and 202 = (bY3/36N,)'/?,
with Y = In(Mx/Aeg) and b = (11N, — 2np)/3, N, = 3 =
number of colors, nr = number of flavors.

Higher order — — "distorted Gaussian”



QCD DGLAP evolution of FF
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(From R. Basu and P. Bhattacharjee, PRD 70 (2004) 023510)
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e Numerical evolution of DGLAP with SUSY
e Direct numerical simulation of parton shower and hadronization

Sarkar & Toldra, Rubin, Barbot & Drees, Aloiso, Berezinsky, Kachelriess, Fodor & Katz,

e Many uncertainties . ..

The simple “Gaussian” is good enough for now for most practical
purposes!



Injection spectra of particles in T-D scenario

i(E) E? [arbitrary units]

(From Kalashev et al, PRD 66 (2002) 063004)



Benchmark requirements and constraints on T-D models of EHECR
Consider X — qq — hadrons with

- 2v, T — 6+V6VND/“ T — € Dby,

(Assume equal energy sharing by individual particles)
For every E, get Ep, : E,, : By, & % ; é ; é

Assume a power-law spectrum with index «:
dN,/dE, ~ 1.8(2 — a)(f,/0.9)Mx'(2E, /Mx)™®

Assuming uniform distribution:

1 _ dN,

Jy(Ey) = 47TZ<E7) nX o
A

Normalizing to a fiducial EHECR flux, we get

- ~ —45 =3 =1 UEy) \ 7! £2(E) g \*?
<nX70>EHECR — 13 X 10 CU S <1OMPC> leVem 2sec—Lor—1 <1011Ge\/)

m 1-a a—1. —2«
(i) () (§)2em 0620




. — — —1 m -«
(nX7O>EHECR ~ 1.1 X 1036 MPC Syr 1<1l0<f\?/[7p)c> <1013)ée\/>1

—923 —3 —1(1E)\ Y m 2—a
(Q@x.0)pupcr ~ 13X 1077 eVem™s (1(§M7p>c> (055

— — -1, . —
(Qx.0)grmer ~ 1.7 x 10 erg Mpe? yr 1(1%53&) (%)

Electromagnetic cascade due to UHE + injection

e EM energy injected above ~ 10* eV /(1 + 2) cascades down to
below 100 GeV due to vy, — e¢Te™ and ey, — e7.

e Measured Extragalactic Gamma Ray Background (EGRB) in the
(10 MeV — 100 GeV) region (EGRET) puts constraints on al-
lowed EM energy injection at UHE above the pair production
threshold on CMB/Radio background target photons.

Whepaerdes O foto ~ f x 3.9x 107%eVem™3

3

Weascade < WEGRB ~ (3 —6) x 107%eVem™. Not easy!



Propagation of EHE particles
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(From Bhattacharjee & Sigl: Phys. Rep. (2000).)
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EHE Particle Fluxes in the Extragalactic TD Scenario
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FIG. 1. The UHE proton spectrum due to topological de-
fects, for mx =10'5 GeV. The four solid curves (which are in-
distinguishable for Eo> 5x10'° GeV) are the maximal flux
spectra for p=1.5, 1, 0.5, and O, respectively (from bottom to
top), the corresponding values of Kkmax being 1.18%10 2%,
0.2313, 4.52%10?7, and 8.82x10%, respectively. The four
short-dashed curves (‘“‘redshifted injection spectra’) correspond
to the same four values and order of p and corresponding Kmax
as above, but calculated without considering any energy loss of
protons except that due to expansion of the Universe. The
dashed curve (terminating at 7x10'° GeV) represents the UHE
CR flux given by the Fly’s Eye group [15], and the dash-dotted
curve immediately above it is for an injection spectrum
o E;~?5. The normalization of the last curve has been con-
veniently chosen for clarity.

(From Bhattacharjee, Hill, Schramm: PRL 69 (1992) 567)



Photon /Proton Ratio: A Signature of TD Scenario
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FIG. 1. Equilibrium spectra of protons and y rays. The
curves p(A2) and p(A3) are the proton spectra in the A model
with =2 and 3, respectively. The curve marked p(TD) is the
proton spectrum in the TD model. The curves 1,2,3,4, are equi-
librium y-ray spectra calculated for TD model: (1) direct y
rays; (2) cascade y rays neglecting interactions with the inter-
galactic magnetic field (B <<10~'2 G) and universal radio back-
ground (wyrg <<w,); (3) cascade y rays with wygrp=uwg,
B=3X10""" G; (4) same as (3) with B=10"""G.

(From Aharonian, Bhattacharjee, Schramm: PRD 46 (1992) 4188)



1 T llllll i ] i ||||IJ____I__“
/’,,’

100 - o =
= / =
: // — 3 = :

TD: 1-4 ;T

10 - / =
= / =
= /. —
- A e -
- / -
b 7 /' -

a LE /// / E
~ - / =
& C 7 6 __—4

— S -

o v /// .
O / /7 =
Prc ; A 5-8 E

e~ / -

- / ]

/
C y _
/

01 E - / —
E _- / 3
= / =
C / -
E / -
A ]

001 1 141111 | L 1idll 1
2 2
10" 10% 10 3x10*
E(eV)

FIG. 3. The y/p ratio expected in the TD and A models.
The curves marked 1, 2, 3, and 4 are for the TD model. The
curves 5 and 6 are for the A model with a=2 and 3, respective-
ly. (1) Direct y rays; (2) cascade ¥ rays with wyrg =wy and
B=10""°G; (3) same as (2) except B=3X10"'! G. The curves
4,5, and 6 are for wypg <<wy and B <1072 G.

(From Aharonian, Bhattacharjee, Schramm: PRD 46 (1992) 4188)



Particle Fluxes vs. EGRET ~-Ray Background Flux
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(From Semikoz & Sigl, JCAP 0404, 003 (2004), hep-ph/0309328)

Assumed uniformly distributed extragalactic TD sources with n'y o<
t—2 (e.g., collapsing cosmic string loops) with my = 2 x 10" GeV,
B =10"12G.



Neutrino Fluxes
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(From Semikoz & Sigl, JCAP 0404, 003 (2004), hep-ph/0309328)

Assumed uniformly distributed extragalactic TD sources with n'y o<
t= (e.g., collapsing cosmic string loops) and my = 2 x 10" GeV,
B =10""G.



Example of possible T-D sources: Cosmic String
e Cosmic strings are expected in any U(1)-symmetry breaking
phase transition

e (losed loops of cosmic strings form due to self-intersections of
the string — scaling of the string network

e Some closed loops collapse or repeatedly self-intersect and dis-
appear into massive X particles (massive gauge bosons, higgs
bosons) of the broken U(1) (PB, Kibble, Turok 1982; PB and Rana 1990;
Siemens and Kibble 1994)

e X particles may also be directly emitted from strings (Vincent,
Antunes, Hindmarsh 1998)

In general, for processes involving scaling T Ds,

nx(t) = (Qo/Mx)(t/to) "

(PB, Hill, Schramm, PRL 1992).



e For rapidly collapsing cosmic strings p = 1.

Cosmic strings are expected in Baryogenesis via Leptogenesis sce-

nario of generating the Baryon asymmetry of the Universe due to
breaking of the U(1)p_71.



L =—FuF" +(D,¢*)(D'e) — V(4),

D¢ = (0, —ieA,)¢, Fu = (0,4, —0,A,),

V(g) = jA¢"p —n?)?.

e The U(1) symmetry ¢ — €'*¢ is spontaneously broken.

e No unique ground state: A continuous manifold (circle) of degen-
erate ground states ¢ = ne'’.

e Vortex String allowed since I1;(S') # 1.



Cosmic String

L= —1FuF" + (D) (D) — V(4),

D¢ = (0, —ieA,)¢, Fu = (0,4, —0,A,),

V(g) = jA¢"p —n?)?.

e The U(1) symmetry ¢ — €'*¢ is spontaneously broken.

e No unique ground state: A continuous manifold (circle) of degen-

erate ground states ¢ = ne’.
e Vortex String allowed since I1;(S') # 1.
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Kibble mechanism of cosmic string formation
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Evolution of cosmic string network: Numerical simulation

Radiation era Matter era

(From simulations by Paul Shellard)



Loop production and scaling
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Approach to scaling in the matter era [Bennett & Bouchet,

1990].



Loop formation rate
To maintain scaling, closed loops of average length L, = KI'Gput
are formed at a rate (in matter era)

dnb 2 _ —1,—
o =33 (TGp) "K',

(r~03, '>~100, K ~O(1)..

Loops oscillate and lose energy slowly by emitting gravitational ra-
diation at a rate Egrav — I'Gu®. So, a loop of length L has a
(gravitational radiation) lifetime 7y = (TGu) ' L.

The most abundant loops today have

o : ~ 0.2(Gur/10712)(Qoh?) "2 pe
o © ~ 4.6(Gp/10712)71(Qh?)3/2 Mpe ™3
e Typical between loops: ~ 600(G/10712)1/3(Qoh?) =12 kpe.

(Note: G ~ 1071% for n ~ My ~ 10" GeV.)



Quick death of loops
A small fraction of loops my die quickly on time scales < Hubble
time.

ofaloopis Pgy~1—e @ N N =

on the loop. (Siemens and Kibble 1994).

So, very (large N) loop of length L will self-intersect on
a time scale ~ L/2 and break into two daughter loops. Since
intersection leaves behind further kinks, the daughter loops will
further break into grand-daughter loops on time scale ~ L /4 and
Sso on.
Thus a single loop of initial length L can break up into a debris
of tiny loops of length ~ n~! (they then ) on a
time scale T onapse ~ L <K .
A typical loop of length ~ 0.2 pc will
releasing a total energy ~ (G /1071%)4.4 x 10°* erg .

( )

7'7,()%D = fQD;lgulmt_?’ with fQD < 1.



Conclusions

e New physics beyond SM based on unified symmetry and symme-
try breaking generically lead to formation of Topological Defects.

e Under many circumstances TDs may collapse, releasing their

energy into massive particles with My > 102 GeV. Their decay
can give rise to EHE particles.

e Generally predict hard, v and v dominated spectra.

e Can these particles be detected against “background” from as-
trophysical sources ?



