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No 'ivory tower' physics: experime | in iquid efystals, superconductors,
superfluids, ... and also biochemistry (cf.: n foldi

cosmological to microphysics, while subject tg the same physical processes



Quantitative Defect Evolution

Cosmic defects are highly non-linear objects, two inter-related approaches needed
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— VOS model is precise and accurate,
but must be calibrated by matching
numerical simulations
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Defect Evolution

in Cosmology and i latone. e i
Condensed Matter Imulations: canonica NEeEW approcnhes

Quantitative Analysis — Field theory, Nambu-Goto, AMR, ...
with the Velocity- _ Bottlenecked by hardware resources

Dependent One-Scale and computation time
Model — Key development CPU - GPU based
[Correia & Martins 2017]

4 Springer — Results not fully self-consistent







The Scaling Landscape

Attractor large-scale linear scaling solutions for plain cosmic strings and walls are well
established and have been confirmed by everybody who has simulated them

Large-scale scaling does not guarantee scaling of the network's small scale features
(energy could still flow between components and/or scales)

Sufficiently large Hubble damping leads to a linear scaling regime with
non-relativistic network: linear regime is in fact a Kibble regime
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Wiggly Strings
Cosmologically realistic networks have short wavelength propagation modes (wiggles),

optimally described through their (multi)fractal properties [Martins & Shellard 2006]

Strings are not Brownian on correlation length scales, only on horizon scales; at the scale of
the correlation length, they are closer to a self-avoiding random walk

Fractal structure evolves such that any physical scale always loses power; wiggles may scale,
disappear or grow, also depending on coarse-graining scale [Almeida & Martins 2021]
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> ¥ Varying Tension.Strings

Two phenomenological approaches to introducing time-dependent tension
- Macroscopic, at the level of the VOS model itself [Yamaguchi 2005]
- Microscopic (and propagated to'the VOS model) [Conlen et al. 2024]

-

Cosmologically, the tWo a?proaches gorrespond to oppesSite assumptions on the paySical
impactorthevarying.tensifon [Coelho et al. 2026]

Macroscopic: stretchingdength changed

i~
A meaningful comparison is the wiggly model, for which both
| f’c}ara%erisﬁc lengths are changed, but in different ways:
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Varying Tension String Scaling Solutions

Full analysis of power-law cases reported in [Coelho et al. 2026]

Macroscopic  Microscopic

Scaling solution

(s = const |Normalization Unchanged
T = const

Minkowski

Scaling Scaling
Normalization
Stretching
Kibble
Linear
de Sitter

Scaling Scaling

Normalization Normalization

Normalization
Scaling

Contracting Scaling

Specifically, one can write the linear scaling solution as

(where &, and 8, correspond to the macroscopic and
microscopic power-law time dependencies respectively)

Impact depends on the modeling approach
and also on the specific scenario under
consideration: in most cases the scaling
solution itself changes, but in the linear
(i.e. scale-invariant) scaling regime only its
normalization is impacted
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Axion Strings

The axion'is,the leading solution to the strong CP préblem, and a darksmatter candidate

In these models amsymmetsy breaking phase®ransition at the Peccei-Quinn.scale forms global
strings, whosestension has logarithmic time dependence; agQCD phase transitionsea. 70 e-folds
later, the string network decays and the axion‘acquires a mass

First simulatiofis [Rydemet al. 1990] vreport v~0.4, and"a mumberof defects per horizan (£, which
primacily impacts the axionsdark matter abundancedis constant to within adogarithmic factor

Recent simulations disagree.on whether( is constantser log-dependent®note that in these the
maximum value ef the 108"is'<10, While the physically.relevant cosmologlcal ome, is around 70.

[ow densities and high velocities: this is unrepresentative and
likely unphysical

Saikawa et al. [21 1.2+0.3

Kim et al. [22] 0.9+0.2

Interestingly, withinsaumerical uncertainties gll groups agree on 194009

the value.of C at the end.of their §imulations; the disdgreement ~or & Moore 1241 11O 0.1 061 <005
is oty on whether or not @is a constant {awasaki et al. [25] |1.1£0.3] 0.52£0.05
1.0+ 0.3] 0.66 £0.05




Large Log Expectations

Networks have finite lifetime: asymptotic solutions provide physical insight but their relation to
simulations is subtle, considering the factor O(10) difference between the simulated and physical logs

For ~constant log tension expect number of strings per Hubble volume
decreases, and so does their velocity, but network density increases

Goldstone boson mode is further radiation channel and mediates inter-string forces (proportional to
1/R~1/L), enhancing intercommutings and loop production: expect larger values of (c,k)

In the macroscopic and microscopic approaches, asymptotic solutions are unchanged (no log);
however, in the wiggly case there would be negative asymptotic logs... :

... also in the network’s RMS velocity
... implying a positive log for (
... and different behaviours for £ and L

(recall that €2 = u L2)




Small Log Expectations

macro: phase space

micro: phase space

NB: Plots in this slide assume a
loop chopping efficiency c=0.57 E
as in [Moore et al. 2002]
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macro: phase space

Energy loss mechanisms critically impact C,
and thereby the axion dark matter aboundance

Beware your initial conditions, and please report velocities!

final value of ¢ (at logTt=10.0) as a function of ¢
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