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Cosmology is a search for relics

Record: Earendel?, z = 6.2,  ~0.9 Gyrs, (Welch et al., 2022, Hubble) Stars
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CMBz=1089, age 380000 yrs

Abundances of light elementsage 1s-180s

Cosmic neutrino background  age 1s

age <1s
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Gravitational waves and primordial magnetic fields
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• Window into the early universe 

• CP violation <-> helicity 
(connection to baryogenesis) 

• Multimessenger signatures



Observed large scale magnetisation
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• Minimal astrophysical 
contamination 

• Dynamical evolution - 
cosmic expansion only 

• Probe of magnetic 
coherence on the largest 

cosmological scales

Discriminator between 
primordial and 

astrophysical origin



[Credits image: Jennifer Schober]

Liasons between magnetism and the architecture of the cosmos?



Limits on primordial magnetic fields
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Limits on primordial magnetic fields
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shorter than recombination 
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Causal fields lie on 
the damping line
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Limits on primordial magnetic fields
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Limits on primordial magnetic fields
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Gamma-ray cascades: magnetisation of the voids
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Gravitational waves

Non-observation of secondary photon cascades sets a lower  
limit on the B-field strength

Credits image: Kohei Kamada



Gamma-ray cascades: magnetisation of the voids?

Several circles, W. Kandinsky

Could plasma instabilities also explain the 
non-detection of photons from the 

secondary cascade?



Gamma-ray cascades: magnetisation of the voids?

Several circles, W. Kandinsky

Could galactic outflows explain the 
observed gamma-ray emission without 
invoking a primordial magnetic field?



Dark matter substructure as a probe of a primordial origin

Several circles, W. Kandinsky
Gravitational waves

[Alves Batista, Saveliev, Universe 7 (2021) 7, 223]

[Sten Delos, 26]

This talk: use substructure to: 
1. Probe the primordial nature of 

intergalactic magnetic fields 

2. Place new constraints on the 
parameter space of PMFs



Magnetic history of the Universe

Magnetogenesis



Magnetic history of the Universe
• LCDM - Second order perturbations.  Ichiki et al., 2007, Maeda et al. 2009, Fenu et al., 2011 

• Inflation. Turner and Widrow, 1988, Ratra, 1992, etc 

• Other mechanisms: i.e. Kerr-Newmann black holes (Hooper, Ireland, Krnjaic 2022) 

• Cosmological phase transitions. 
Vachaspati, 1991, Enqvist and Olesen, 1993,   
Sigl, Olinto, Jedamzik, 1996, Grasso and Riotto, 1998.Magnetogenesis



Magnetic history of the Universe

Magnetogenesis Decaying MHD turbulence

Induction equation: diffusiondynamo

MagnetoHydroDynamics: continuity equation + Euler equation + induction equation

Inverse transfer

Helical fields:  
Conservation of helicity rules evolution

Non helical fields: 
i.e. Hosking invariant 
conservation rules evolution
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Magnetic history of the Universe

Magnetogenesis Decaying MHD turbulence Passive evolution

Induction equation: dynamo diffusion

MagnetoHydroDynamics: continuity equation + Euler equation + induction equation

Voids

Galaxies and 
Clusters

z~1100 z~100-30

Impact on structure 

(“On small scales”)

(“On large scales”)



How did they get there?

Primordial magnetic fields enhance density perturbations

Lorentz force acting on a baryon plasma



How did they get there?

Primordial magnetic fields enhance density perturbations

[Credits, illustration: Ralegankar]



How did they get there?

Primordial magnetic fields impact structure in two different regimes



How did they get there?

Pre-recombination regime

Regime of in
terest

[Ralegankar, Phys.Rev.Lett. 131 (2023) 23, 231002]



How did they get there?

Pre-recombination: 
Ideal MHD in the photon drag regime

Baryons experience a huge photon drag force

which makes flow laminar and dominates the contributions to the Euler equation

Assuming Gaussianity [Ralegankar, Phys.Rev.Lett. 131 (2023) 23, 231002]



How did they get there?

Pre-recombination: 
Ideal MHD in the photon drag regime
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A random density field, expanding over time 

and gravitationally amplified over time

Minihalo formation



Smooth on sufficiently small scales, e.g. 

due to thermal motion of the dark matter

Local maxima in the density field are the first 
places to gravitationally collapse

PROMPT CUSPS 
Most dense structures in a CDM cosmology!

A random density field, expanding over time 

and gravitationally amplified over time

The most dense dark matter structures in a LCDM cosmology

[Delos, Bruff, Erickcek, Phys.Rev.D 100 (2019) 2, 023523]

https://inspirehep.net/authors/1025649


The most dense dark matter structures in a LCDM cosmology

[Delos, Bruff, Erickcek, Phys.Rev.D 100 (2019) 2, 023523]

BBKs statistics

https://inspirehep.net/authors/1025649


[Delos, White, JCAP 10 (2023) 008]

~85% of the initial  

density peaks collapse into cusps 

 
A fraction of 0.4 - 0.6 is expected 

to survive tidal disruption 

Cusps extend from  

to

simulationsphase space considerations

The most dense dark matter structures in a LCDM cosmology



Prompt cusps form 

at the free streaming  

cut-of

The most dense dark matter structures in a LCDM cosmology



Prompt cusps form 

at the bump scale

Illustrative example:

(toy model PT-production)

The most dense dark matter structures in a PMF cosmology



Self-annihilating dark matter
Pair-produced in the early universe

Dark matter annihilation 



Results - Toy model for phase transition magnetic fields

EWPT:QCD:
Production:

[Olea-Romacho, Fairbairn, Ralegankar, SciPost Phys. 20 (2026) 044]



Cosmologically motivated PMFs disfavour standard WIMPS?

[Jedamzik, Pogosian, Abel,  Nature Astron. (2026)]

Reconnection:

The CMB's choice?

[Olea-Romacho, Fairbairn, Ralegankar, SciPost Phys. 20 (2026) 044]



How did they get there?

Independent of microphysics…gravitational probes
Wide binaries in ultra-faint dwarf galaxies as a probe of extended dark matter objects

[Olea-Romacho, 2607.18185]

The sample: 

52 wide binary candidates 
JWST/NIRCam 

43 with s >9000 au 

Half assumed genuine: 21  

Expected 59; stellar flybys 
account for observed

[Shariat et al, Publ.Astron.Soc.Pac. 137 (2025) 10, 104103]



How did they get there?

Wide binaries in ultra-faint dwarf galaxies  
What if the pertuber is not a point?[Olea-Romacho, 2607.18185]



How did they get there?

Wide binaries in ultra-faint dwarf galaxies  
[Olea-Romacho, 2607.18185]

Binaries from Böotes I



How did they get there?

Limits on extended objects from wide binaries in UFDs 
[Olea-Romacho, 2607.18185]

• Objects modelled with M, R90 and type of profile 

• Black line: compact objects tend to the point mass limit 

• Size weakens the effect



How did they get there?

Post-recombination regime



How did they get there?
Lorentz force



How did they get there?

Post-recombination regime: 

Limits must be 
recomputed: 

Lyman-α, 21-cm signal, etc

Fits to simulations

[Ralegankar, Garaldi, Viel, JCAP 08 (2025) 011]



How did they get there?

[Fairbairn, Olea-Romacho,Vaskonen, Urrutia, accepted in PRL, 2026]

JWSTHST

New limits using JWST data
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JWSTHST

New limits using JWST data: the UV-luminosity function



How did they get there?

[Fairbairn, Olea-Romacho,Vaskonen, Urrutia, accepted in PRL, 2026]

1. No detection 

2. Degeneracies  B-SFR

New limits using JWST data: the UV-luminosity function

[Fairbairn, Olea-Romacho,Vaskonen, Urrutia, accepted in PRL, 2026]
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How did they get there?

New limits using JWST data: reionisation

Ionisation Recombination

[Fairbairn, Olea-Romacho,Vaskonen, Urrutia, accepted in PRL, 2026]
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