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The subject today
Suppose that two cosmic strings are parallel and separated by the fixed distance, d .

Can we estimate interactions between two strings?

<latexit sha1_base64="F9QpvslxNSKPK9PM8/cEiKfZQAw="></latexit>

d

2

string 1 string 2



Content

• Bosonic superconducting string

• Introduction

• Abrikosov-Nielsen-Olesen string (ANO string)

3



Cosmic Strings (Vortex lines)
Cosmic Strings: A line-like topological defect which can 

be formed when a vacuum topology is .𝕊1
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Field space
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Production Mechanism
Randomness of the initial field configuration leads to the formation of 

topological soliton. (Kibble-Zurek mechanism)

After production of cosmic strings, they make up web-like structure. 
(String network)

[T. Kibble (1976)] [W.H. Zurek (1976)]

[T. Hiramatsu et al. (2013)]

:Hubble parameterH
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String core
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https://iopscience.iop.org/article/10.1088/0305-4470/9/8/029
https://www.nature.com/articles/317505a0
https://arxiv.org/abs/1307.0308


Cosmic string collisions

Q: What happens when two strings collide?

3. Other possibilities

1. Pass through

2.Exchange the partner 
(Reconnection)

Cosmic strings collide many times inside the string network.
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[R.A. Matzner]

Reconnection

Due to the reconnection, string loops are produced.
String loops loose their energy by emitting 

gravitational wave and/or NG-boson.

Conventional wisdom: 
A reconnection would take place.

[E.P.S. Shellard]
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It is very widely believed that reconnection takes place in many 
field theoretical models (due to topological number conservation).

https://aip.scitation.org/doi/abs/10.1063/1.168306
https://www.sciencedirect.com/science/article/abs/pii/0550321387902902?via=ihub


Other possibilities?

Q: What happens when two strings collide?

3. Other possibilities

1. Pass through

2.Exchange the partner 
(Reconnection)
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The third possibility
If interactions between two cosmic strings are attractive and strong enough, a 

string bound state would be formed after a collision. (Y-junction)

Bound state

[A. Bettencourt et al. (2006)] [E.J. Copeland et al. (2006)]

… and so many works.

Phenomenological consequences of Y-junction
Kinks and cusps generate gravitational wave bursts.

Distinctive gravitational lensing effects
[B. Shlaer, M. Wyman (2005)] [R. Brandenberger et al. (2007)]

[P. Binetruy et al. (2009)] [P. Binetruy et al. (2010)] [Y. Matsui et al. (2020)]
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[J. Polchinski]

https://arxiv.org/abs/hep-ph/9612350
https://arxiv.org/abs/hep-th/0601153
https://arxiv.org/abs/hep-th/0509177
https://arxiv.org/pdf/0710.1636.pdf
https://arxiv.org/abs/0907.4522
https://arxiv.org/abs/1009.2484
https://arxiv.org/abs/2001.01241
https://www.sciencedirect.com/science/article/abs/pii/0370269388909422?via=ihub


The subject today
Suppose that two cosmic strings are parallel and separated by the fixed distance, d .
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I would like to know interactions between two cosmic strings. 
Attraction, or repulsion?
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What I tell you today

1. Abrikosov-Nielsen-Olesen vortex string.
Nothing new, but I would like to briefly review the result.

2. Bosonic superconducting string

(We also analyze the global string, but I would like to omit it today.)
New results (I will explain you our results.)

[L. Jacobs and C. Rebbi (1979)]

[M. Eto, Y. Hamada, R. Jinno, M. Nitta, M. Yamada (2022)]

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.19.4486
https://arxiv.org/abs/2205.04394
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Abrikosov-Nielsen-Olesen vortex (1)
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•Abelian-Higgs model (The easiest model of vortex for human):
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•  Cylindrically symmetric configuration:
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[A. A. Abrikosov (1957)] [H. B. Nielsen, P. Olesen (1973)]

•  A quantization of the magnetic flux:
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Abrikosov-Nielsen-Olesen vortex (2)

 Thickness of the string: R ∼ Max{m−1
ϕ , m−1

e }

 mass of the scalar fieldmϕ ∼ λη ∼

 mass of the gauge fieldme ∼ eη ∼

Numerical solution
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Effective interactions

: winding numbern

At infinity, a straight cosmic string looks line-like field configuration 
which possesses scalar monopole charge and magnetic flux.
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J� / |n|�(2)(x � x1) :scalar monopole

:magnetic dipole 
moment

: field fluctuations from the vacuum stateδϕ, δAμ

Effective interactions:

[J.M. Speight (1996))]
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A simplified version of the question:

Q. Can we estimate interaction energy for ?d ≫ R

A. Yes (because we know the effective description.)
16
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Point source formalism
Field configurations may be approximated by superposition of each 

strings for . (Superposition ansatz)d ≫ R
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Naive interpretation: Interaction energies of two scalar monopole charges 
and two magnetic dipole moments.
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Result of the point source formalism

Essentially, we obtain two-dimensional Yukawa potentials.  
   Attraction is dominated at infinity.mϕ < me (λ < 2e2) ⇒

Repulsion of gauge field Attraction of scalar field
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: Charges of cosmic string#1,2 > 0
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This potential is consistent with the partition into type I, critical and type II regimes. The
central force due to U is

− U ′(r) =
1

2π
[m2K1(r) − µq2K1(µr)]. (34)

If µ < 1, then K1 → 0 at large r faster than K1(µr), so scalar attraction dominates over magnetic
repulsion and the force is negative, consistent with type I behaviour. If µ > 1, the reverse is true and
the force is positive at large r, consistent with type II behaviour. Potentials for µ2 = 0.4 (type I) and
µ2 = 2.0 (type II) are plotted in figure 1. At µ = 1, m ≡ q, as explained in section 3 so U ≡ 0 and
there is no net force at all. This consistency at large r emerges regardless of the specific values of m
and q away from µ = 1, and may be attributed to the inverse relationship between a field’s mass and
its range. At moderate r, the µ dependance of q/m becomes important. Given that K1 is a strictly
decreasing function, it is clear from (34) that there exists a unique critical point of U for each µ ̸= 1
if and only if m/q >

√
µ when µ < 1 and m/q <

√
µ when µ > 1. Our numerical work suggests that

m/q easily passes these criteria. The rightmost column of table 1 presents the approximate critical
vortex separation rc for each value of µ2. No such critical points were found by Rebbi and Jacobs
[8], who obtained approximate static intervortex potentials by numerically minimizing the potential
energy functional subject to the constraint that φ has two simple zeros separated by a given distance.
So these equilibria are probably artifacts of our approximation, which we take to break down for
r ≤ rc. Of course, some kind of breakdown is to be expected: vortices are not point particles, as in
our picture, and when they approach one another closely enough their overlap produces significant
effects.

0 1 2 3 4 5 6 7 8

−0.4

−0.2

0

0.2

0.4

r

U(r)
µ

µ

2

2

=2.0

=0.4

Figure 1: The potential function U(r) for µ2 = 0.4 and µ2 = 2.0.

6 Type II vortex scattering

The interaction potential U provides a very simple model of two-vortex dynamics: the dynamics of
two point particles each of mass M (the energy of a single vortex at rest, a µ2 dependent quantity)
interacting via the potential (33). Ignoring the (trivial) centre of mass motion, the Lagrangian of
such a mechanical system is

L =
1

4
M(ṙ2 + r2ϑ̇2)− U(r), (35)

7
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: Modified Bessel function of the 
second kind

Kn(x)

https://arxiv.org/abs/hep-th/9603155


Q.Can we estimate interaction energy for an arbitrarily ?d
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Non-trivial question:
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Gradient Flow Method

Energy always decreases by the 
time development
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Heat equation:  ( : The (2D) energy)E[ϕ, Aμ]

 Gradient flow (relaxation) method 
Find the minimum energy configuration from the random field configuration.

 : fictitious timet
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Gradient Flow

Point Source

Variational Approach
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A phase structure of the ANO string is very simple. 
When attraction always dominates for .e2 > λ, ∀d
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At long distance, numerical results agree with analytic estimate.
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Abrikosov-Nielsen-Olesen strings (2)

Gradient Flow

Point Source

Variational Approach
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Bosonic superconducting string
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•  model:U(1) × Ũ(1)
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Bosonic superconducting string
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• There exists the case where  is only broken inside the string. 
(  plays a role of an ordinary string.)

Ũ(1)
U(1)

• Due to the time limitation, I do not include  gauge field.Ũ (1)
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At the string axis, :  and ϕ ∼ 0 Aμ ∼ 0 ϕ̃ ∼ ηϕ̃

Far from the string, :  and ϕ ∼ ηϕ Aμ ∼ (i/e)∂μθ ϕ̃ ∼ 0

[E. Witten (1985))]
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•  model:U(1) × Ũ(1)
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Bosonic superconducting string

• Effective interactions: magnetic dipole moment + “two” scalar charges
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<latexit sha1_base64="+d6VTR2MzrPgzlqw5KUq8R6dyoM="></latexit>

Lint � ���rJ� � �AµJ
µ � ��̃J�̃

<latexit sha1_base64="PfLSRqcpu4LpG+YI2bgNxKoIfeU="></latexit>

J�̃ / �(2)(x � x1)

<latexit sha1_base64="cOnTcAbts5mJd9Kd+3GghsJRJpE="></latexit>

J�, J
µ, J�̃

25

• A localized condensate of  takes place whenϕ̃

[E. Witten (1985))]

<latexit sha1_base64="F/IL741TFV4Xn6XkQjyGQtaEDUg="></latexit>

��̃

2

⌘2
�̃

⌘2
�

. � . 1

4

�2
�̃

��

⌘4
�̃

⌘4
�

https://www.sciencedirect.com/science/article/abs/pii/0550321385900227?via=ihub


Results in linear analysis

: numerical constants#1,2,3 > 0
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 A point source formalism suggests an additional source of attraction.
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Naive interpretation: Interaction energies of two scalar charges with a 
magnetic dipole moment
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I am going to show a numerical result.



Bosonic Superconducting String (2)

An additional attraction appears. 
(Caution: This result cannot be observed in the point source formalism!)

Superconducting strings
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0 1 2 3 4 5 6
16.0

16.5

17.0

17.5

18.0

18.5

d

E i
nt

27

<latexit sha1_base64="hsFq+MxIgOZk0yUWB9y0dgBze/U="></latexit>

��

e2
= 8,

��̃

e2
= 80,

�

e2
= 24,

⌘�̃

⌘�
= 0.55

Gradient Flow

Point Source

0 2 4 6 8 10 12

16.6

16.8

17.0

17.2

17.4

d

ℰ
in
t

<latexit sha1_base64="0OTDesvz/Tk0kOKmOrP0Ia3+7xA="></latexit>

d̄ ⌘ e⌘�d



Bosonic Superconducting String (3)
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Local string

A strength of attraction strongly depends on the  breaking scale.Ũ (1)
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Various parameters…
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We confirm that there exists the parameter region which leads to the 
attraction between two bosonic superconducting strings.

Summary

It is very interesting to investigate the Y-junction formation by 
studying dynamical collisions of bosonic superconuducting strings.



Conclusion
• Cosmic strings are line-like topological defects that may be formed in 

the early Universe. Interactions between cosmic strings may affect fate 
of the string network. 

• For the bosonic superconducting string, we find that an additional 
attraction can dominate. This suggests the further analysis of the 

formation of Y-junctions.

• Non-linear physics is too difficult for me.
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Reconnection (1)
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Let us consider winding of cosmic strings.



Reconnection (2)
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x-direction: vortex anti-vortex pair 
  

A field configuration can be trivial
n1x − n2x = 0

y-direction: vortex vortex pair 
  

A field configuration cannot be trivial.
n1y + n2y ≠ 0

Let us consider winding of cosmic strings.



Abrikosov-Nielsen-Olesen strings (1)
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 Field configurations of two string system
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Bosonic Superconducting String (1)
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Length scale is given in the unit of eη = 1
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 A result of gradient flow method



Kink
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