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1. QUESTIONS ANSWERED IN THE PAST 10 YEARS...

* WHY AREN'T ALL PULSARS BEHAVING SIMILARLY?
* HOW COMMON ARE STRONG MAGNETIC FIELDS?



WHAT IS A MAGNETAR?

Gougouliatos & Cumming 2014



THE ISOLATED PULSAR POPULATION
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MAGNETAR OUTBURSTS AND FLARES
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MAGNETAR OUTBURSTS: MODELLING
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MAGNETAR NUMEROLOGY Swift 1555

SGR 1830
Swift 1818

* Dipolar magnetic fields of B~10'%-10'°> Gauss CCO 1E 1613
* Transient X-ray pulsars with Lx~10°"-10%%erg s PSR 1119
* Rotating with P~0.3-12 s SGR 1935
* X-ray luminosity is “generally” larger than the rotational energy 3XMM 1852
* Soft and hard X-ray emission (0.5-200 keV); thermal + non-thermal SGR 1745

Swift 1822

* Flaring activity in soft gamma-rays (0.01-10% s; L,~10°7-10%erg s SGR 1834
* Faint infrared /optical emission (probably magnetospheric) CXO 1714
* Transient radio emission (in 7 cases) and FRB-like emission PSR 1622
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CONCLUSIVE UNIFICATION THE PULSAR POPULATION

1. Magnetars were discovered having low dipolar B-fields and strong magnetic structures.
(Rea et al. 2010, Science; 2012, 2013, 2014, ApJ; Tiengo et al. 2013, Nature)

2. Two young rotational powered pulsars (PSR1846 and PSR1119) showed magnetar activity.

(Gavriil et al. 2008, Nature; Kumar & Safi-Harb, 2008, ApJ; Archibald et al. 2016, ApJ; Sathyaprakash et al. 2023, Ap)J)

3. A central compact object (CCO) with a 6.4hr period showed magnetar-like activity.
(Rea et al. 2016, ApJ Letters; D’Ai et al. 2016, MNRAS; Borghese et al. 2018, Ap)J)

4. Two X-ray Dim Isolated Neutron Stars show evidence of strong magnetic structures.

(Borghese et al. 2015, 2017, ApJ)

quiescence

outburst




THE RADIO TRANSIENT SKY
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THE FRB-MAGNETAR CONNECTION
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1. QUESTIONS ANSWERED IN THE PAST 10 YEARS...

* DO WE HAVE ENOUGH SNe FOR SO MANY DIFFERENT NS CLASSES?
* WHAT DID WE LEARN ABOUT MAGNETARS’ FORMATION RATE?



NS CLASSES AND CC SN RATES

Core Collapse SN rate

RADIO
PULSARS

Adapted from Keane & Kramer 2008, MNRAS

Neutron star classes cannot have independent formation, there should be an evolutionary model scenario.



NEUTRON STAR EVOLUTION: 3D eMHD SIMULATIONS
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MATINS: Dehman et al. 2023, Ascenzi et al. 2024

https: / /ice-csic-astroexotic.github.io /code /matins / Rea & De Grandis 2025, Elsevier, Astrophysics encyclopedia
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NEUTRON STAR EVOLUTION: 3D eMHD SIMULATIONS

MATINS: Dehman et al. 2023, Ascenzi et al. 2024

https:/ /ice-csic-astroexotic.github.io/code /matins /
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NEUTRON STAR EVOLUTION: 3D eMHD SIMULATIONS
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MATINS: Dehman et al. 2023, Ascenzi et al. 2024

https:/ /ice-csic-astroexotic.github.io/code /matins /
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1. If CCSN birthrate ~ 1 per century, the sample is complete, implying
~60% of neutron stars are born as magnetars.

9

2. In the past 2000 yr our Galaxy created mostly ~40% Magnetars,
~20% Central Compact Objects and 40% Rotational Powered Pulsar.
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WHAT DO WE LEARN ON SNe JUST FROM THE DATA...
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3. Assuming we observed all CC SNe within 2 kpc (certainly a lower
limit), rescaling for the whole Galaxy we obtain a SN rate of
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BIRTH PROPERTIES

POPULATION SYNTHESIS SIMULATIONS OF NEUTRON STARS
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https:/ /ice-csic-astroexotic.github.io/code /ml_poppyns/




POPULATION SYNTHESIS SIMULATIONS OF NEUTRON STARS
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E CONSTRAINS ON CC RATES AND MAGNETAR FRACTION
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Pardo, Rea, Ronchi & Graber 2026, Nature Astronomy in press



1. QUESTIONS ANSWERED IN THE PAST 10 YEARS...

2. OPEN QUESTIONS FOR THE FUTURE 10 YEARS...

* HOW THESE HIGH DIPOLAR FIELDS ARE CREATED IN SNe?
* HOW ARE THEY RELATED TO THEIR PROGENITORS? WHERE ARE THE BINARIES?



MAGNETAR FIELD FORMATION

* via dynamos in the stellar core
* as fossil fields from a magnetic progenitor
* from massive star binary progenitors
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Observationally...
Obergaulinger, Aloy & Janka 2015, MNRAS

* Proper motions for ~9 objects: 100-300 km/s range

* A few magnetars coincident with massive star clusters

* One case: a wind blown boubble observed in radio

* One case: a run-away star close-by is detected.

* ~6 confirmed SNRs, 3 more possibly associated

Thompson & Duncan 1993; Ferrario & Winkramasinge 2006; Clark et al. 2014, Chrimes et al. 2025




1. QUESTIONS ANSWERED IN THE PAi'I_' 10 YEARS...

-

: WHY AREN’T ALL PULSARS BEHAVING SIMILARLY?
s HOW COMMON ARE STRONG MAGNETIC FIELDS?
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GAMMA-RAY BURSTS AND MAGNETARS

Progenitor system: Collapsar
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GRB-magnetars are too magnetic at birth compared to the typical population in our Galaxy.

(Rea et al. 2015, ApJ, Pardo et al. 2026 in prep)



FAST RADIO BURSTS AND MAGNETARS
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1. QUESTIONS ANSWERED IN THE PAST 10 YEARS...

Strong and tangled fields are ubiquitous in the pulsar population.

Core-collapse SNe in our Galaxy should be >2 per century and magnetar fraction should be around ~50% depending
on the initial field distribution and rates.

Exact role of magnetars in long and short GRBs, and connection with SLSNe.

Constraining the number and energetics of FRBs by modelling crustal failures and magnetar population for different
galaxies and metallicities.
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