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Why T-D?
There are strong indications of new physics beyond SM: E.g., small
neutrino mass, mν <∼ 0.1 eV , may be explained by ”see-saw” mech-
anism:

mν ∼
v2

EW

M
∼ 0.1 eV

 vEW

100 GeV

2
1014 GeV

M

 eV

⇒ New physics at high energy scales M � MEW.

– Physics beyond SM may allow massive “X” particles with mX >
1011 GeV.
– Decay of these X particles in the present epoch may give EHE
particles with E up to mX .
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Two classes of Top-Down (T-D) models

• 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 T >∼ 1013 GeV.

• Decay of Long-lived Metastable Superheavy Relic Particles (MSRPs)
with τ >∼ t0.

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

• γ and ν rich spectra.

• Hard spectra (∝ E−α with α < 2 ) (but ?)

4



Top-Down ”signal” vs. Bottom-up ”background”
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The MSRPs and certain classes of TDs may cluster in the Galactic
Halo
⇒ Galactic T-D scenario →
• Complete absence of GZK cutoff
• 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.

6



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

• TDs not ”exotic” – routinely seen in lab systems
– quantized flux tubes in type-II superconductors
– vortex filaments in Liquid He
– disclination lines in nematic liquid crystals

• Behavior of laboratory strings are well described by Kibble-Zurek
theory initially developed in the context of cosmic strings.
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“Strings” in Nematic Liquid Crystals
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General Characteristics of T-D models of EHE particle production

X particle decay: Likely to involve new physics (e.g., SUSY ?)

X → q , ` ,. . . new particles

q → N , π ,K , (parton shower and fragmentation)

Parton Shower

9



N/π <∼ 10% , π → e± , γ , ν (+ ν̄)

Final hadron energy spectra are determined by Fragmentation
Functions (FFs): F h(x, s = M 2

X)

dNh

dx
(x, s) ≡ F h(x, s) ∝ ∑

a

∫ 1
x

dz

z

dΓX→a

dz
(z, s)Dh

a(x/z, s) ,

dΓX→a/dz = decay width of the X into parton a : Calculable in
perturbation theory

Dh
a is the perturbatively non-calculable parton-to-hadron fragmen-

tation function.
But evolution of Dh

a ’s in s can (in principle) be calculated in per-
turbation theory: DGLAP eqn. in QCD.

Dh
a(x, s) can be experimentally determined at low s from say, e+e− →

γ/Z → qq̄ → h + · · ·. Can then evolve them to get the FFs at
any s. (but ?)
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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 singlet FF Dh
S ≡

∑
a Dh

a(x, s) is a Gaussian in
ξ ≡ ln(1/x)

DS(ξ) ≡ xDS(x, s) ∝ exp
− 1

2σ2
(ξ − ξp)

2
 ,

where the peak position ξp = Y/2 , and 2σ2 = (bY 3/36Nc)
1/2 ,

with Y ≡ ln(MX/Λeff) and b = (11Nc − 2nF )/3 , Nc = 3 =
number of colors, nF = number of flavors.

Higher order → MLLA → ”distorted Gaussian”
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QCD DGLAP evolution of FF

Q = 91 GeV

(a)

Q = 91 GeV

(b)

solid curve: “Gaussian”;
Numerical DGLAP evolution with parametrized initial FFs —
dotted: KKP; short-dashed: BKK; long-dashed: Kretzer

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

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

. . .

• Many uncertainties . . .

The simple “Gaussian” is good enough for now for most practical
purposes!
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Injection spectra of particles in T-D scenario
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(From Kalashev et al, PRD 66 (2002) 063004)
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Benchmark requirements and constraints on T-D models of EHECR
Consider X → qq̄ → hadrons with

π0 → 2γ , π+ → e+νeνµν̄µ , π− → e−ν̄eνµν̄µ ,

(Assume equal energy sharing by individual particles)
For every Eπ, get Eem : Eνµ : Eνe ≈ 1

2 : 1
3 : 1

6
Assume a power-law spectrum with index α:

dNγ/dEγ ≈ 1.8(2− α)(fπ/0.9)M−1
X (2Eγ/MX)−α

Assuming uniform distribution:

jγ(Eγ) '
1

4π
l(Eγ) ṅX

dNγ

dEγ

Normalizing to a fiducial EHECR flux, we get

(ṅX,0)EHECR ' 1.3× 10−45 cm−3 s−1
(

l(Eγ)
10 Mpc

)−1(
E2j(E)

1 eV cm−2 sec−1 sr−1

)(
E

1011 GeV

)α−2

×
(

mX
1013 GeV

)1−α
( 0.5

2−α)(
0.9
fπ )2(α−1.5)10(3−2α) .
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Required injection rate

(ṅX,0)EHECR ∼ 1.1× 1036 Mpc−3 yr−1
(

l(Eγ)
10 Mpc

)−1( mX
1013 GeV

)1−α

(QX,0)EHECR ∼ 1.3× 10−23 eV cm−3 s−1
(

l(Eγ)
10 Mpc

)−1( mX
1013 GeV

)2−α

(QX,0)EHECR ∼ 1.7× 1046 erg Mpc−3 yr−1
(

l(Eγ)
10 Mpc

)−1( mX
1013 GeV

)2−α

Electromagnetic cascade due to UHE γ injection

• EM energy injected above ∼ 1015 eV/(1 + z) cascades down to
below 100 GeV due to γγb → e+e− and eγb → eγ .

• 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.

wcascade ∼ fQXt0 ≈ f × 3.9× 10−6 eV cm−3

Require wcascade < wEGRB ∼ (3− 6)× 10−6 eV cm−3 . Not easy!
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Propagation of EHE particles

Thick solid line: Att. length for Nγ → Nπ
Thick dashed line: Int. length for Nγ → Nπ
Thin solid line: Att. length for pγ → e+e−p
(From Bhattacharjee & Sigl: Phys. Rep. (2000).)
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γγ → e+e−

Solid: Att. length; dashed: Int. length
Thick: In CMB + Radio; Thin: In CMB only.
(From Bhattacharjee & Sigl: Phys. Rep. (2000).)
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EHE Particle Fluxes in the Extragalactic TD Scenario

(From Bhattacharjee, Hill, Schramm: PRL 69 (1992) 567)
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Photon/Proton Ratio: A Signature of TD Scenario

(From Aharonian, Bhattacharjee, Schramm: PRD 46 (1992) 4188)
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(From Aharonian, Bhattacharjee, Schramm: PRD 46 (1992) 4188)
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Particle Fluxes vs. EGRET γ-Ray Background Flux
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(From Semikoz & Sigl, JCAP 0404, 003 (2004), hep-ph/0309328)
Assumed uniformly distributed extragalactic TD sources with ṅX ∝
t−3 (e.g., collapsing cosmic string loops) with mX = 2× 1013 GeV,
B = 10−12 G.
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Neutrino Fluxes
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(From Semikoz & Sigl, JCAP 0404, 003 (2004), hep-ph/0309328)
Assumed uniformly distributed extragalactic TD sources with ṅX ∝
t−3 (e.g., collapsing cosmic string loops) and mX = 2× 1013 GeV,
B = 10−12 G.

25



Example of possible T-D sources: Cosmic String

• Cosmic strings are expected in any U(1)-symmetry breaking
phase transition

• Closed loops of cosmic strings form due to self-intersections of
the string → scaling of the string network

• 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)

• X particles may also be directly emitted from strings (Vincent,

Antunes, Hindmarsh 1998)

In general, for processes involving scaling TDs,

ṅX(t) = (Q0/MX)(t/t0)
−4+p

(PB, Hill, Schramm, PRL 1992).
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• 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)B−L.
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Cosmic String
L = −1

4FµνF
µν + (Dµφ

∗)(Dµφ)− V (φ) ,
Dµφ = (∂µ − ieAµ)φ , Fµν = (∂µAν − ∂νAµ) ,
V (φ) = 1

4λ(φ∗φ− η2)2 .
• The U(1) symmetry φ → eiαφ is spontaneously broken.
• No unique ground state: A continuous manifold (circle) of degen-
erate ground states φ = ηeiθ.
• Vortex String allowed since Π1(S

1) 6= 1 .
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Cosmic String
L = −1

4FµνF
µν + (Dµφ

∗)(Dµφ)− V (φ) ,
Dµφ = (∂µ − ieAµ)φ , Fµν = (∂µAν − ∂νAµ) ,
V (φ) = 1

4λ(φ∗φ− η2)2 .
• The U(1) symmetry φ → eiαφ is spontaneously broken.
• No unique ground state: A continuous manifold (circle) of degen-
erate ground states φ = ηeiθ.
• Vortex String allowed since Π1(S

1) 6= 1 .

φ = f(r)ηeinθ , Aµ = ng(r)
er

δθ
µ ,

r =
√

(x2 + y2) , n = integer

f(r) ∼ e−rmφ , g(r) ∼ e−rmV

f(0) = g(0) = 0 , f(∞) = g(∞) = 1
Energy per unit length, µ ≈ η2 = 9× 1021 g/ cm(η/1016 GeV)2

Gµ = 6.7× 10−7(η/1016 GeV)2
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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)
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Loop production and scaling
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Loop formation rate
To maintain scaling, closed loops of average length Lb = KΓGµt
are formed at a rate (in matter era)

dnb

dt
=

2

3x2
(ΓGµ)−1K−1t−4 .

(x ' 0.3 , Γ ' 100 , K ∼ O(1) ..
Loops oscillate and lose energy slowly by emitting gravitational ra-
diation at a rate Ėgrav = ΓGµ2 . So, a loop of length L has a
(gravitational radiation) lifetime τgrav = (ΓGµ)−1L.
The most abundant loops today have

• Typical length: ∼ 0.2(Gµ/10−12)(Ω0h
2)−1/2 pc

• Number density: ∼ 4.6(Gµ/10−12)−1(Ω0h
2)3/2 Mpc−3

• Typical separation between loops: ∼ 600(Gµ/10−12)1/3(Ω0h
2)−1/2 kpc.

(Note: Gµ ' 10−12 for η ∼ MX ∼ 1013 GeV.)
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Quick death of loops
A small fraction of loops my die quickly on time scales � Hubble
time.
Self-intersection probability of a loop is PSI ' 1− e−α−βN , N =
number of harmonics on the loop. (Siemens and Kibble 1994).
So, very “kinky” (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
so on.
Thus a single loop of initial length L can break up into a debris
of tiny loops of length ∼ η−1 (they then become X particles) on a
time scale τcollapse ∼ L � t.
A typical loop of length ∼ 0.2 pc will collapse over a period ∼ 0.6 yr
releasing a total energy ∼ (Gµ/10−12)4.4× 1054 erg .
(A “bursting” T-D source!)
ṅQD

X = fQD
1
x2µ

1/2t−3 with fQD < 1.
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Conclusions

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

• Under many circumstances TDs may collapse, releasing their
energy into massive particles with MX > 1012 GeV. Their decay
can give rise to EHE particles.

• Generally predict hard, γ and ν dominated spectra.

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