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Cosmic String and it’s wake

• Cosmic strings are one dimensional topological defects produced by

the symmetry breaking phase transitions in the early universe.

• When cosmic string moves through plasma the conical space around

the string leads to the formation of wakes behind them.

• The magnetic field in the wake is generated by the motion of

particles around cosmic strings.
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Figure 1: The wake structure due to a
moving cosmic string. [S Nayak, S Sau, S Sanyal;

Astroparticle Physics 146(2023) 102805]

Figure 2: An illustration to show the
formation of cosmic string wake.
[https://guava.physics.uiuc.edu]
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• The wake is formed at t = ti . The dimension of the wake at ti is

L1 × L2 × L3 = c1ti × tivsγs × 4πGµtivsγs (1)

• Dimensions of the wake will be

affected by the expansion of the

space.

• The width of the wake will grow

by accreting matters from both

sides.

• The width of the wake generated

at ti and observed at a time t in a

co-moving frame of reference is

given by

• δθ ' 8πGµ

L3 =
24π

5
Gµvsγst0

√
1 + z(ti )

1 + z(t)
(2)

[ Da Cunha et al,Phys. Rev. D93,123501(2016)]
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• The string moves with supersonic velocities, shock waves are

generated behind the cosmic string.

• The velocity of the shock wave [Ponce and Vishniac, ApJ, 332:57-66, (1988)]

vsh =
1

4
[(Γm + 1)2u2 + 16c2

s ]1/2 − (3− Γm)

4
u (3)

Here, u = vsδθ(1− v2
s )−1/2 and c2

s = Γmp1

ρ1+p1

δθ is the angle of deflection of the particles due to the cosmic string

metric. vs is the velocity of the string.

• The shock velocities can go as high as 0.9c .

• Relativistic shock waves are known to generate accelerated electrons

which subsequently emit synchrotron radiation.

• Electrons in the shocks behind magnetized cosmic string wakes will

also emit synchrotron radiation.
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Synchrotron Radiation from electrons in the wake.

• The magnetic field B is considered to be homogeneous all over the

wake of the string.

• The electrons are accelerated by the motion of the shock generated

in the string’s wake, they will lose energy as synchrotron radiation.

• The average power that is radiated by the electrons is given by,

〈Psyn(ν)〉 =

√
3e3B

mec2

∫ ∞
1

dγNe(γ)R(α) (4)

γ −→ Relativistic Lorentz factor,

Ne(γ) −→ Electron distribution in cosmic string wake,

R(α) −→ Combination of Bessel functions.

Where, α = ν
νc

, and peak frequency νc ∼ eBγ2

2πmc

[C. D. Dermer and G. Menon (2009).]
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One zone model

One Zone model is generally used for a spherical region of plasma but

this model has also been adapted to model streaming jets.

The physical quantities to define the model are

• The Doppler factor : For the relativistic outflow δD defined by,

δD =
1

γ(1− βcosθ)
(5)

Here β = vs
c and θ is the viewing angle which is very small.

Strings are assumed to move with relativistic velocities, so δD
depends only on the Lorentz factor.

• Distance from the observer: The luminosity distance dL is given

by,

dL = dA(1 + z)2 (6)

Where z is the red-shift and dA is the angular size distance.
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• Electron distribution: The non thermal relativistic electrons are

assumed to be uniformly distributed throughout the region with an

isotropic pitch angle distribution.

• For this model, the synchrotron radiation is given by,

νF syn
ν =

δ4
Dν
′〈Psyn(ν′)〉
4πd2

L

(7)

Where, the electron distribution given by Ne(γ′) where γ′ is the

comoving Lorentz factor.
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Numerical tools

• We have used the python module AGNpy. The primary inputs come

from the particular source being studied and the the final output

spectrum depends upon the electron distribution, the Lorentz factor,

the Doppler factor, redshift etc. [https://agnpy.readthedocs.io/en/latest/index.html]

• We have modified the geometry in the AGNPY module to include

the scaling due to the redshift parameter to obtain the synchrotron

radiation in our case.

• We obtain these input parameters for the case of the cosmic string

and use the module to obtain the final spectrum.
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Electron distribution

We have assumed that there are a distribution of electrons which are

moving across the cosmic string wake and these electrons have a power

law distribution,

Ne(γ) = Ke
1

4π
γ−pH(γ; γ1, γ2) (8)

Where, power law exponent p ∼ 2 (slightly greater than 2) and

H(γ; γ1, γ2) is the Heaviside function. The normalization constant

Ke =
(p − 2)ue

m2
e

(
γ

(2−p)
1 − γ(2−p)

2

) (9)

Total energy density of the non thermal electrons

ue = mec
2

∫ γ2

γ1

γdγne(γ) (10)

γ1 ' 1 is the minimum Lorentz factor of the electrons and γ2 ' 107 is

the maximum possible Lorentz factor of electrons.
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total energy of the electrons

We = ueVB (11)

In comoving coordinates, the volume of the wake is ,

Vb = c1
t0√

(1 + zi )
× vsγs

t0√
(1 + zi )

× 24π

5
(Gµ)vsγt0

√
(1 + zi )

(1 + z)
(12)

If the cosmic string wake is generated at t = ti and the synchrotron

radiation is being emitted at time t, then

ne(t, ti ) = f ρB(ti )m
−1
p

(
(z(t) + 1)

(z(ti ) + 1)

)3

(13)

Here f is the ionization fraction and ρB is the energy density in the

baryons. ρB can be calculated from the critical density of baryons.

[ Da Cunha et al,Phys. Rev. D93,123501(2016)] , [ Danos et al Phys.Rev.D 82: 023513,(2010)]
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• We consider the wakes are formed at matter-radiation equality (teq).

So, zi = zeq = 3400.

• The synchrotron observations are made at different z which are

z = 30,

z = 1,

z = 0.069.

• So for different values of the redshift, this total energy is different.

For z = 30 , We = 3.5× 1053erg ,

for z = 1 , We = 2× 1052erg ,

for z = 0.069 , We = 1052erg .

• We is the input for the AGNPY module. As the We is different for

different redshifts z , hence the spectrum is different for different

values of z .
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Synchrotron spectrum

We have used the python module AGNpy to obtain the spectrum.
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Figure 3: The synchrotron spectrum

for different z values.

• Turnover frequency⇒ 107 Hz.

• Spectral break ⇒ 1020 Hz.

• Spectral break shifts to low

frequencies as we move back in

time.

• The initial low frequency self-

absorption region has a power

law exponent of ∼ 1.28

• The optically thin emission

region has a low spectral index

of ∼ 0.42.

• It dips very sharply in the high

frequency range.
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Synchrotron spectrum with observed data
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WISE J030515.08 -160816.6
WISE J141235.8 +741158
SWIFT J014347.3 -584551
SWIFT J030514.9 -160818
GALEX J030515.0 -160815
NVSS J030521 -160525
SUMSS J043900 -732648

Figure 4: The synchrotron spectrum with

data points from different catalogues.

Observed fluxes from the uniden-

tified sources from the WISE,

SWIFT ,GALEX, NVSS and

SUMSS catalogue on the ob-

tained spectrum for z = 30.

• WISE⇒ Infra-Red region.

[isra.ipac.caltech.edu/frontpage/WISE]

• SWIFT ⇒ X-ray region.

[Hannes, Zechlin and Horns, JCAP II(2012)050]

• GALEX ⇒ Ultra Violet

region. [galex.stsci.edu/GR6]

• NVSS, SUMSS ⇒ Radio

emission region.

[heasarc.gsfc.nasa.gov]
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Summary and conclusions

• We have studied the synchrotron radiation emitted by relativistic

electrons moving in a cosmic string wake.

• We have assumed that the overall magnetic field is homogeneous

over the width of the wake. Though it is possible that the magnetic

field will have some small scale fluctuations due to turbulence in the

plasma, for the current work we have not looked at such details.

• We have found that the frequency spectrum obtained from the

relativistic non-thermal electrons moving in the wake of a cosmic

string will be over a wide range of frequencies.

• We do find that several of the surveys (NVMS, SUMSS, WISE,

SWIFT and GALEX) have unidentified sources of radiations with

similar flux in the range of frequencies that are covered by the

cosmic string wake.
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Cosmic String metric

• The metric around a infinitely straight Nambu-Goto string lying

along the z-axis can be obtained by solving the Einstein equations.

It is ”conical” on the plane transverse to the string, and the line

element is

ds2 = dt2 − dz2 − dρ2 − ρ2dθ2 ; 0 ≤ θ ≤ 2π(1− 4G µ̃)

[Vilenkin, A. and Shellard, E. P. S. (jul 2000)]
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Modified Bessel function

• R(α) can be written as

R(α) =
α

2

∫ π

0

dθsinθ

∫ ∞
α

sinθ

dtK 5
3
(t) (14)

where, α = ν
νc

• Modified Bessel function R satisfy the differential equation

x2 d
2R

dx2
+ x

dR

dx
− (x2 + n2)R = 0

It has two linearly independent solutions In(x) and Kn(x).

The Bessel function of the second kind of order n,

Kn(x) =
Γ(n + 1/2)(2x)n√

π

∫ ∞
0

costdt

(t2 + x2)n+1/2
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γmin and γmax

• we consider a power law distribution of the electrons in the

post-shock region with electron Lorentz factors γmin < γ < γmax .

• The range of the Lorentz factor comes due to the fact that the

energy is continuously injected into the electron distribution in the

comoving reference frame.

• γmin would be given by the minimum velocity with which the

electrons are swept inside the wake of the cosmic string.

• If the electrons are not reflected or accelerated by the ions reflected

from shocks, they would have the same γ as the Lorentz factor of

the cosmic string.

• For vs = 0.5c , γmin ' 1
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• For γmax , we need to take care of not only the energy being injected

in the electron distribution but also the energy being taken away by

various processes.

• The energy loss can be studied taking into consideration the γ factor

of the decelerating electrons given by

γc =
9me(1 + z)

128mpσT εBn0cΓ3t
(15)

. Here εB is a fixed fraction of the magnetic energy density and the

downstream energy density of the fluid.

• we find that the γc << 1. This means that dominant mechanism for

the energy loss of the electrons in the shocked fluid will be due to

the synchrotron radiation.

γmax =
1.2× 108ε̃√

B
(16)

Here ε̃ ' 1 is the fractional amount of energy gained by the electron

due to the Fermi processes.
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