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Introduction: Neutron Stars

• Generated after the gravitational collapse of the 
core of a massive star  

• Compact objects: 1-2  enclosed in a radius of     
10-13 km 

• Fast Rotation:  O(1 ms - 10 s)  

• Strong Magnets: O( )

MZAMS ∼ 8 − 20/30 M⊙

M⊙

108 − 1015 G



Introduction: Neutron Stars

SA, Graber & Rea 2024

• Equation of State (EOS) unknown 

• Different EOSs lead to different 
mass-radius relations 

• Measuring the mass and the radius 
of NSs allow to identify the EOS 

• This is easier in some systems with 
respect to others

Neutron Stars Mass-Radius relation



Ultimate sources of energy for the emission of NSs
Introduction: How do/can we see Neutron Stars ?
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Ultimate sources of energy for the emission of NSs
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Rotational Powered Pulsars

Slow radio pulsars
P ∼ 0.1 − 1 s

B ∼ 1011 − 1013 G

τC ∼ 103 − 108 yr

Radio pulsars
Detection > 3300

L ≪ ·Erot Powered by rotation



Rotational Powered Pulsars
Millisecond Radio Pulsars

·P ∼ 10−20 s/s
B ∼ 108 G
τc ∼ 1010 yrs

Extremely stable rotation

Very Accurate clocks

671 detections (P<0.1 s)



Rotational Powered Pulsars

Dipole Spindown 

Accretion 
powered Spin-up 

Recycling Scenario



Gamma-ray emission

Rotational Powered Pulsars

(Adapted from Smith+2023)

• 


• Fraction of spindown power carried of by  
 times higher than that in radio 


• Typically a double peak temporal profile  


• Typically peaks not in phase with the radio peak            


Lγ ∝ ·E

γ − ray
∼ 103

Characteristic of the emission: 

the test, and the wi are the photon weights, evaluated via
spectral analysis (see also 2PC, Abdo et al. 2013). For m = 20,
which we adopt universally, the cumulative distribution
function for H in the asymptotic limit is =P H x( )

- xexp 0.398405( ) (Kerr 2011), and 3σ, 4σ, and 5σ thresholds
correspond to H = 14, H = 24, and H = 36. The H-test is
unbinned, well suited to the extremely sparse gamma-ray pulsar
data: the LAT often detects only one photon in tens of
thousands (millions, for MSPs) of pulsar rotations. Bruel
(2019) gave corrections for small photon counts. Pulsars with
narrow, sharp peaks are easier to detect than pulsars with broad
peaks (see Figure 5 of Hou et al. 2014). All pulsars in our
sample are detected with m = 8. Using m = 20 incurs little
computational cost and insures sensitivity to putative exotic
profile shapes. Kerr (2011) also showed that large m does not
cause false-positive detections.

Figure 4 highlights some aspects of gamma-ray phase
folding. Figure 9 and Appendix B show other example profiles.
The top-most frame shows a weighted phase histogram,
duplicated over a second rotation. Section 5 describes the
profile fit overlaid in blue. The phase-aligned 1.4 GHz radio
pulse overlaid in red comes from the radio timing observations

used to create the rotation ephemeris, in this specific case by
Parthasarathy et al. (2019). The horizontal dashed line shows
the gamma-ray background level, estimated from the photon
weights as å - åw w

N i i i i
1 2
bin

( ), the sum of the expected
contribution to the weights of background photons not
associated with the pulsar. A phase histogram baseline
exceeding the background level may indicate the presence of
unpulsed magnetospheric emission. Section 5.1 gives details.
The next frame below it shows the phase drifting after the

last radio time of arrival (ToA) used to model the neutron star
rotation, indicated by the green horizontal dashed line. The start
of this timing modelʼs “validity” range, before Fermiʼs launch,
is not shown. Pulsars with irregular spindown, as for this young
high-E pulsar, require extra parameters to model the rotation,
and accuracy of the extrapolation past the validity range rapidly
degrades. Stable pulsars can be modeled with few parameters,
often accurately predicting the neutron star rotation for years
before and/or after validity. The right-hand frame shows the
weighted H-test increasing as data accumulated over the years,
a nearly straight line for most pulsars. Changes in slope can
result from phase drifts, as in this case, or from increased
background due to, e.g., a nearby flaring blazar (see
Section 6.6), or from changes in the LATʼs exposure to the

Figure 4. Top: gamma-ray phase histogram for PSR J1648-4611 discovered by Kramer et al. (2003), overlaid with the 1.4 GHz profile (red) obtained during Parkes
radio telescope timing (Parthasarathy et al. 2019). The blue curve shows a fit to the histogram, and the horizontal dashed line is an estimate of the background level
(see Section 5.1). Bottom-left: phaseogram over the course of the mission. Dots indicate photons, with the grayscale set according to the photon weight. Right: H-test
significance accumulated over the course of the mission. The green horizontal dashed line shows when the ephemeris validity finishes (see Section 3.1).

7

The Astrophysical Journal, 958:191 (72pp), 2023 December 1 Smith et al.Pulsed profile 

Radio (Parthasarathy+2019)
Gamma Gamma fit

PSR J1648-4611 (Kramer+2003)

Lradio/ ·Erot ∼ 10−8 − 10−6

LX/ ·Erot < 10−2 − 10−6

Lγ / ·Erot ∼ 10−1 − 10−3



The RRATs: Rotational 
Radio Transient

Discovered as bright (0.1-3 Jy) short 
(2-30 ms) radio bursts that recurred 
randomly about every 4 min —3 hr. 

Discovery of periodicity.  measured 
for 2/3 and  for 1/3 of them, over 115 
detection. 

P·P

Not a separate class of NS, but radio 
pulsars exhibiting extended 
switched off periods (nulling)



Magnetars

http://www.physics.mcgill.ca/~pulsar/
magnetar/main.html

McGill Online Magnetar Catalog

30 confirmed + 6 candidates 

16 Soft Gamma-ray Repeaters (SGR; 12 
confirmed, 4 candidates) 

14 Anomalous X-ray Pulsars (AXPs; 12 
confirmed, 2 candidates)

LX ∼ 1031 − 1036 erg/s

Bdip ∼ 1013 − 1015 G

P ∼ 1 − 12 s



Lightcurves…                                                …and spectra

Magnetars

Kaspi & Beloborodov 2017

Kaspi & Beloborodov 2017



Magnetars Rea 2013

·E rot
= L



Magnetars
Transient activities: Outbursts

  

Magnetars: outbursts (timescale: months – years) 

6

Coti Zelati+ 2018

  

Magnetars: outbursts (timescale: months – years) 

6

Coti Zelati+ 2018

http://magnetars.ice.csic.es/#/welcome

Luminosity increased up to 3 orders of 
magnitudes. Lower quiescent 
luminosity, larger increase.

Saturation luminosity at ∼ 1036 erg/s

Coti Zelati + 2018

 and  changes irregularly with 
glitches and anti-glitches
P ·P



Transient activity

Magnetars

  

FRBs & Magnetars – What are magnetars?

Isolated neutron stars powered by magnetic energy, B~1013  – 1015 G

Unpredictable short timescale bursting activity

For reviews Turolla+ 2015; Kaspi & Beloborodov 2017; Esposito+ 2021

INTERMEDIATE BURSTS
duration ~ 1 – 40 s

L
peak 

~
 
 1041 – 1043 erg s-1 

abrupt onset

SGR 1900+14

Israel+ 2008

SHORT BURSTS
duration ~ 0.01 – 1 s

L
peak 

~
 
 1038 – 1041 erg s-1

sporadically or storm 

1E 2259+586

Woods+ 2004
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Short Bursts

Intermediate Bursts

Duration ~ 1-40 s





Abrupt onset


Thermal Spectra

Lpeak ∼ 1041 − 1043 erg/s

Duration ~ 0.01-1 s





Sporadically or storm

Thermal Spectra

Lpeak ∼ 1039 − 1041 erg/s



Magnetars
Transient activities: Giant Flares

can vary greatly from one event to the next, even within the same
source.
The pulse profile in the tail of the flare just after the main spike

features one large peak and two smaller adjacent local maxima
separated by about a quarter of a rotation cycle (Fig. 2 and
Supplementary Fig. 1). The relative intensities of the peaks change
during the tail, but their phases remain fixed, indicating that the
field configuration does not change substantially during the tail and
that the released energy comes from the trapped fireball.
The polar B field of SGR 1806220 has been calculated18 from its

spin-down rate to be ,1.6 £ 1015 G, corresponding to a external
magnetic field energy of 2 £ 1047 erg, which indicated that at most
10d22

15 =f such giant flares can be produced from the star in its
lifetime (here f is the beaming factor).
We used RXTE tomeasure the spin frequency and spin-down rate

of the SGR 30 days after the flare19. The frequency is consistent with
an extrapolation of the pre-flare frequency with pre- and post-flare
spin-down rates. Thus, the 27 December flare could not have caused
a rapid, lasting change in the spin frequency greater than
,2 £ 1025 Hz; this, despite the much larger apparent burst energy,

limits the frequency change to be at most comparable to that seen
following the 27 August flare20. The post-flare spin-down rate,
23.15(9) £ 10212Hz s21, although lower than it was shortly before
the flare, is still in its historical range.

The three timescales in the phenomenon—(1) the rise time of
,1ms, (2) the duration of the hard spike of ,0.5 s, and (3) the
duration of the tail of several minutes—are similar for all three giant
flares. These are attributed to the Alfvén propagation times in (1)
the magnetosphere and (2) the star, and (3) the cooling time of the
trapped pair fireball, respectively1,17.

Violent energy dissipation can occur anywhere in the magneti-
cally dominated region, which includes the outer layers of the
neutron star: if an energy of 1046E46 erg is dissipated roughly
uniformly in the reconnection region of volume 1018V 18 cm

3,
then matter above the layer at a density of 108E46/V18 g cm

23 will
have an energy density larger than its gravitational potential and
become unbound. This is about 1024 g, which can be ejected into the
magnetosphere at fractions of the speed of light, c. Such a mass
ejection (which need not be isotropic) is enough to power the
observed radio nebula and its 0.3c expansion16.

300

Figure 1 The SGR spike and tail light curve from BAT on Swift. a, BAT count rate at
measured energy.50 keV (64-ms bins). Although BAT was pointed 1058 away from the

SGR at the time of the main spike, it recorded g-rays above 60 keV passing through and

scattering within the spacecraft body and instrument shielding. As part of a pre-planned

observing schedule, Swift slewed to observe a different source shortly after the main

peak, reaching a steady pointing direction 618 from the SGR at 143 s. The spacecraft

reorientation improved the detection efficiency of the SGR, visible as an apparent (not

intrinsic) rise in the light curve to a peak at 140 s. This is followed by a second slew to 678.

b, BAT deadtime-corrected count rate (all energies) during the complex leading edge of
the main spike. (Note that the horizontal scale is 104 times larger than in a.) Uncertainties
in the deadtime correction (discussed in the Supplementary Methods) make corrected

count rates increasingly unreliable above 5 £ 107 counts per second. Error bars combine

1 s.d. counting statistics and the deadtime uncertainty. Time bins of 100ms are

equivalent to the light-crossing-time of a neutron star diameter. More detailed lightcurves

are shown in the Supplementary Figures.

letters to nature

NATURE | VOL 434 | 28 APRIL 2005 | www.nature.com/nature1108
© 2005 Nature Publishing Group 

 

7.56 s

Short-Hard 
Spike

Luminosity LX > 1044 erg/s

(Palmer+2005)

SGR 1806-20; 27 December 2004

Softer Pulsating Tail

(Israel+2005)



X-ray Dim Isolated Neutron Stars (XDINSs)

Distance ≲ 500 pc

Spin period: P ∼ 3 − 11 s

Age: τ ∼ 106 yr

Luminosity: LX ∼ 1031−32 erg/s

No radio emission

Reviews: van Kerkwijk & Kaplan 2007; Turolla 2009

Faint optical emission with respect 
to X-ray



Peculiar Cases
Slow pulsars

Similar spin characteristic to the 
low-B magnetars and the XDINSs 

Young+1999; Tan+2018; Morello+ 2020

Morello+ 2020

High-B pulsars
Spin parameters similar to this of the 
magnetars, implying comparable field 
intensity B > 1013 G

Ng & Kaspi 2011

Two them show magnetar-like activity

Courtesy of Alice Borghese



Central Compact Objects (CCOs)
Point-like X-ray sources close to the center of 
supernova remnants (SNR)

No optical-radio counterpart

A dozen of sources, 3 period spin period 
measured


Thermal-like spectrum kBTBB ∼ 0.1 keV

  

Central Compact Objects: observational properties

19

Point-like sources close to the center of supernova remnants

No counterparts at other wavelenghts

Thermal-like spectrum 
L

X 
~ few 1033 erg s-1

1E 1207.4 – 5209

SNR PKS 1209-51/52

De Luca+ 2004

P ~ 0.4 s 
Pdot~2 x 10-17 s s-1

B
dip 

~ 9 x 1010 G

RX J0822.0 – 4300
Puppis A 

Hui&Becker 2006

P ~ 0.1 s 
Pdot~9 x 10-18 s s-1

B
dip 

~ 3 x 1010 G

CXOU J185238+0040
Kes 79 

Auchettl+ 2018

P ~ 0.1 s 
Pdot~9 x 10-18 s s-1

B
dip 

~ 3 x 1010 G

Halpern & Gotthelf 2009, 2010, 2011; Gotthelf+ 2013; Shabaltas & Lai 2012; Viganò & Pons 2012; Torres-Forné + 2016; Igoshev+ 2016

Anti-magnetar scenario versus hidden-magnetic eld scenario

RX J0822.0-4300, Puppis A

LX ∼ 1033 erg/s

P ∼ 0.1 s
·P ∼ 10−17 s s−1

B ∼ 1010 − 1011 G

τc ∼ 108 yr ≫ τSNR



In High-mass X-ray Binaries (HMXBs)

Accreting Neutron Stars

Composed by a young neutron star accreting matter from 
a massive companion of spectral type O, B or Be (B stars 
with emission lines in the spectrum). Mass loss from the 
donor through stellar with at a rate . The 
wind is accreted directly to the star radially or forming a 
disk.

> 10−5 M⊙ yr−1

General features

B ∼ 1012 − 1013 G
P ∼ 0.1 − 104 s Few days-monthsPorb ∼

• Usually in eccentric orbits


• Hard X-ray spectrum (0.1-100 keV)


• Regular X-ray pulsations


• Highly variable luminosity 


• Optical spectrum dominated by the companion

Credits: ESA

LX ∼ 1034 − 1038 erg/s



Accreting Neutron Stars
In Low-mass X-ray Binaries (LMXBs)

Composed by a old neutron stars 
accreting matter from a low massive 
companion of spectral type K or M.or 
White Dwarves. Accretion via Roche 
Lobe overflow 

General features

B ∼ 108 − 109 G

minutes-daysPorb ∼
LX ∼ 1035 − 1038 erg/s

ms - 100 s (only a few pulsate)P ∼

• Usually in almost circular orbits


• Soft X-ray spectrum (kT < 15 keV)


• Common type I X-ray bursts 


• Highly variable luminosity 


• Optical spectrum dominated by repprocessed X-
ray from the disk



Accreting Neutron Stars
Patruno & Watts 2021

νmax ∼ 1200 Hz( MNS

1.4 M⊙
)1/2( RNS

10 km )−3/2

Approximate breakup frequency for realistic equation of 
states (EOS)

Abrupt cut-off at ~700 Hz. Accreting pulsars that are supposed 
to spin-up are spinning down or spinning up very slowly. Why? 

Papitto et al. 2014

Realistic EOSs support . Where are these 
rapidly rotating stars?

νmax > 1 kHz

Additional spindown mechanism at 
high rotational frequency? 

Fastest NS, 716 Hz



How Many Neutron Star?

We can estimate the total number of neutron stars in our Galaxy:

Core-Collapse 
Supernova rate 

  per century∼ 2

Galaxy age: 
∼ 13.6 Gyr

Neutron Star 
number: 

∼ 2.8 × 108

Courtesy of Vanessa Graber



Birth Rate of Neutron Stars

On the birthrates of Galactic neutron stars 2013

Table 1. Estimated birthrates in units of NSs per century for the different populations of

NSs. The top rows are the most likely values whereas the following rows give the lower

limit pulsar current analyses for each of the pulsar current analyses.

βPSR, ne PSRs RRATs XDINSs Magnetars Total CCSN rate

FK06, NE2001 2.8 ± 0.5 5.6+4.3
−3.3 2.1 ± 1.0 0.3+1.2

−0.2 10.8+7.0
−5.0 1.9 ± 1.1

L+06, NE2001 1.4 ± 0.2 2.8+1.6
−1.6 2.1 ± 1.0 0.3+1.2

−0.2 6.6+4.0
−3.0 1.9 ± 1.1

L+06, TC93 1.1 ± 0.2 2.2+1.7
−1.3 2.1 ± 1.0 0.3+1.2

−0.2 5.7+4.1
−2.7 1.9 ± 1.1

V+04, NE2001 1.6 ± 0.3 3.2+2.5
−1.9 2.1 ± 1.0 0.3+1.2

−0.2 7.2+5.0
−3.4 1.9 ± 1.1

V+04, TC93 1.1 ± 0.2 2.2+1.7
−1.3 2.1 ± 1.0 0.3+1.2

−0.2 5.7+4.1
−2.7 1.9 ± 1.1
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Figure 2. Estimated birthrates for the individual NS populations and the

cumulative number. The CCSN rate is shown as a horizontal line (solid), as

are its error bars (dashed).

rate allowable within the uncertainties (i.e. βCCSN = 3 century−1),

while at the same time allowing for the lowest required total re-

quired NS birthrate, β total = 5.8 century−1. It seems that the number

of NSs produced via CCSNe is not sufficient.

We can just about reconcile the rates if we choose the highest

allowable CCSN rate and the lowest allowable total NS birthrate

from the L+06 result using the TC93 electron density model (see

Table 1). However, as we discussed earlier, the pulsar current results

are lower limits and the NE2001 model is often considered to be a

more accurate model than TC93 (Cordes & Lazio 2002, 2003),

From looking at Fig. 2, we are left to conclude that either the

individual NS birthrates are over-estimated or the uncertainties in

these values are under-estimated. To reconcile the values within the

errors would require the RRAT and XDINSs errors (which recall

are the most uncertain) to be under-estimated by a factor of 2. If this

is not the case then it would seem that equation (1) is not satisfied.

Taking this at face value implies that there are too many NSs in the

Galaxy. We will discuss the nature of this potential NS ‘birthrate

problem’ in the following.

5 D ISCUSSION

In trying to determine some possible solutions to the birthrate prob-

lem, we consider in the following the possibility that the various

birthrates are incorrect or that there is an evolutionary answer. Some

possible conclusions include the following.

(1) The Pulsar Birthrate is wrong: the pulsar birthrate is the

most crucial component of our discussion as pulsars are the most

well-studied population and the RRAT birthrate depends on that of

the pulsars. Thankfully, the pulsar birthrate estimates are by far the

most accurate. The pulsar current analyses make no assumptions

and are ‘model free’ even though they depend on the Galactic elec-

tron density distribution and the beaming fraction. The lower limits

obtained from them are thus quite secure. In order to compensate

for the flux limited nature of these studies, we would need to choose

a functional form for the luminosity (depending on P and Ṗ ) but

the inclusion of such a correction can only increase the determined

birthrate.

The work of FK06 models this luminosity evolution across the

P –Ṗ diagram as well as many other birth properties (modelled from

the observed pulsar population). The analysis did assume magnetic

dipole spin down of pulsars but allowed for magnetic field decay as

well as drawing braking indices from a uniform distribution in the

range n ∈ [1.4, 3.0] (note that the few measured braking indices are

found to lie in the range 1.4–2.9, see Lyne & Graham-Smith 2004;

Livingstone et al. 2007 and references therein).

Another uncertainty for pulsars is the beaming fraction. An in-

dication of this may be the recent discovery of a pulsar with an

extremely small duty cycle (Keith et al. 2008). This pulsar has a

beaming fraction of just 0.04 per cent or only 0.◦14 of longitude.

Usually, we would expect the minimum pulse width (for an orthog-

onal rotator) for this pulsar period of P = 91 ms to be given by

Wmin(h) ∼ 8.◦2(h/10 km)1/2, where h is the emission height and we

have assumed β, the impact parameter, to be small. What is observed

is a pulsar that is narrower by a factor of ∼10. It is possible that

the pulse represents a cut at the very edge of the conical beam but

this seems to be at odds with the two observed distinct components

in the pulse profile (Keith et al. 2008). Pulsars with pulse widths

this narrow therefore raise the question whether or not our beaming

fraction estimates are accurate. If they are in fact overestimates then

there may be many more pulses which we do not see.

In summary, taking the pulsar current analysis to provide a reli-

able lower limit, it seems indeed reasonable to take a pulsar birthrate

of βPSR = 2 century−1 as being quite conservative when the many

low luminosity pulsars are included.

(2) The RRAT birthrate is wrong and hugely over-estimated: the

RRAT birthrate depends on the RRAT population estimate being

correct. This is based on assumptions that the Galactic distribution

of RRATs follows that of pulsars, on assumptions about the impact

of man-made Radio Frequency Interference (RFI) during the anal-

ysis of the PMPS data as well as on beaming and Galactic electron

distribution models used and on RRAT burst rate estimates. The full

expression for the number of RRATs includes a factor for each of

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 391, 2009–2016

If neutron star originate from core 
collapse supernovae we expect that 
the rates  are such that:ℛ

∑
NS classes

ℛi ≤ ℛCCSN

ℛCCSN < ∑
NS classes

ℛiInstead we have that:

Keane & Kramer 2008



Magnetic field evolution

∂B
∂t

= − ∇ × {η∇ × (eνB) +
c

4πene
[∇ × (eνB)] × B}

Ocean

(Coulomb liquid)

Outer crust

(Coulomb crystal)

Inner crust Core

Mantle (pasta phases)

?

?

?

Nuclei
Electron 


gas

Free neutron

gas + electronsClusters of 


nuclear matter

?

?

Nuclear matter + 

electrons + muons

Neutron drip

 ρND ∼ 4.3 × 1011

Uncertain 

composition

0.5ρ0 ∼ 1.4 × 1014∼ 106

∼ 1 ∼ 10∼ 10−3 − 10−1

Density 
[ ]g cm−3

Radial size  
[km]

?

?

Ascenzi et al. 2024

Ohmic Decay Hall Drift



Magnetic field evolution

∂B
∂t

= − ∇ × {η∇ × (eνB) +
c

4πene
[∇ × (eνB)] × B}

Ohmic Decay Hall Drift



Magnetic field evolution

∂B
∂t

= − ∇ × {η∇ × (eνB) +
c

4πene
[∇ × (eνB)] × B}

Ohmic Decay Hall Drift

Dehman, Viganò, SA, Pons & Rea 2020, MNRAS

MATINS
MAgneto-Thermal evolution 
of Isolated Neutron Stars



Magnetic field evolution

∂B
∂t

= − ∇ × {η∇ × (eνB) +
c

4πene
[∇ × (eνB)] × B}

η =
c2

4πσ
σ = σ(T )

Magnetic Diffusivity Electric Conductivity

The evolution of the magnetic field evolution is 
coupled with the evolution of the temperature

Magnetothermal evolution required!



Magneto-thermal evolution

∂B
∂t

= − ∇ × {η∇ × (eνB) +
c

4πene
[∇ × (eνB)] × B}

cv
∂
∂t

(eνT ) + ∇ ⋅ (e2νF) = e2ν ·ϵ

Change of temperature in time 
in an elementary volume 

Heat flux through 
the volume 
boundary

Source therm: heat 
produced/loss 
within the volume

Heat can produce due to electric current (Ohmic) dissipation, rotochemical processes, vortex creep 

Heat is lost due to neutrino emission



Magneto-thermal evolution

∂B
∂t

= − ∇ × {η∇ × (eνB) +
c

4πene
[∇ × (eνB)] × B}

cv
∂
∂t

(eνT ) + ∇ ⋅ (e2νF) = e2ν ·ϵ

We have three coupling: 


1.The magnetic diffusivity depends on the temperature


2.The source: . The magnetic field dissipation is a source of heat and 
some neutrino synchrotron-like processes depends on the magnetic field


3.The thermal conductivity becomes anisotropic in presence of a strong magnetic 
field

·ϵ = ·ϵh − ·ϵν



Magneto-thermal evolution

MATINS
MAgneto-Thermal evolution 
of Isolated Neutron Stars

The magnetic field leads to the formation of 
inhomogeneities after a few years in the 
temperature of an initially homogeneous NS crust.

Ascenzi et al 2024b



Ascenzi et al 2024b

We a ray-tracing code to model 
pulsating thermal emission from 

magnetars  

⃗Ω

In collaboration with Prof. Rosalba Perna (Stoney 
Brook University) 
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Pulsed Fraction ∼ 20 % Pulsed Fraction ∼ 4 %

Ascenzi et al 2024b



Magneto-thermal evolution

Pons & Viganò 2019

XDINS are on evolutionary tracks of magnetars in  diagram!P − ·P



Magneto-thermal evolution

48 A.Y. Potekhin, J.A. Pons, D. Page

Fig. 12 Comparison between observational data and theoretical cooling curves (from Viganò et al. 2013).
The observational estimates of (errorbars) or constraints on (arrows) the age and thermal luminosity corre-
spond to Viganò et al. (2013) and Table 3. The abbreviations in the legend mark different classes of neutron
stars with measured thermal radiation (MAG – magnetar candidates, XINS – X-ray isolated neutron stars,
HB – high-B radio pulsars, RPP – rotation powered pulsars, CCO – central compact objects; see Paper I).
Upper panel: non-magnetic neutron stars with iron envelopes, with M = (1.10, 1.25, 1.32, 1.40, 1.48, 1.60,
1.70, 1.76) M⊙ (lines from top to bottom). Lower panel: a neutron star with M = 1.4M⊙ and R = 11.6
km, and three different cases with initial magnetic field at the pole B = 0, 3×1014 G, and 3×1015 G. The
magnetic field topology is that of Model A in Viganò et al. (2013) (crustal confined). We show results for
iron envelopes (solid lines) and hydrogen envelopes (dashed lines).
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Magnetic field dissipation 
required to account for hot 
NS

Efficient Cooling mechanisms 
required to account for cold 
young stars



Magneto-thermal evolution

Marino et al. 2024

The cooling can constrain the EOS!



Summary

• Neutron stars appear divided in different classes presenting 
different observational features  

• The total birthrate of different neutron star populations seems in 
tension with the rate of core-collapse supernovae  

• One possible solution is that different classes of neutron stars are 
related to each other within a unified evolutionary path 

• Magneto-thermal simulations allows to probe this framework and 
to constrain neutron star EOSs



Thank your for your attention!
Thank you for your attention! 



Magnetars

assumed spectral shape and distance: we hereafter assume
LX� 1030 erg s−1 as an average value over the different
spectral models and distance errors (see Figure 4 for the exact
calculations). The radio limit in quiescence we have derived
from the MeerKAT observations, assuming isotropic emission
and a flat spectrum in the observing radio band, resulted in a
quiescent radio luminosity limit of Lradio� 1025 erg s−1. This
radio limit is very low but not unusual in the pulsar population
(see also Figure 6). We note that these limits are derived under
strong assumptions, which may not necessarily be correct but
are only presented to give an idea of the order of magnitude.

Furthermore, the optical and NIR observations of the field
revealed several objects potentially compatible with the source
position (see Figure 2), which we discuss in the following
subsections.

4.1. The Transient Periodic Radio Emission in the Framework
of Radio Magnetars

The observed radio characteristics of GLEAM-X J1627, namely
its transient radio emission, its bright and variable single peaks, the
pulse profile variability, and its high linear radio polarization
(Hurley-Walker et al. 2022), are perfectly in line with what is
typically observed for radio-loud magnetars. In fact, radio emission
in magnetars is typically observed in coincidence with their X-ray
outbursts, and with large variability in terms of luminosity and
shape of their single peaks (see Esposito et al. 2021 for a recent
review, and references therein). The nondetection of an X-ray
outburst at the time of GLEAM-X J1627’s radio activation is not
surprising, since it might have been easily missed due to the sparse
and shallow coverage of the large-field-of-view X-ray monitors.
The only apparent inconsistency between GLEAM-X J1627 and

the population of radio-loud magnetars is thus far its 18min
periodicity (see Figure 1).
However, as extensively studied by Ronchi et al. (2022), the

18 min periodicity of GLEAM-X J1627’s radio emission
cannot be reconciled with the pulsar scenario when only
dipolar losses and a typical crust+core field configuration are
considered. This would require the assumption that this pulsar
has an unreasonably large magnetic field (B∼ 1016–1017 G)
that does not decay in time (something unseen in the pulsar
population; see also Figure 1 by Ronchi et al. 2022). In a
typical crust+core field configuration, the magnetic field is
expected to decay on a timescale of 10–100 Kyr depending on
its intensity (the stronger the field, the faster it decays; see the
spin-period evolutionary curves in Figure 1).
A more plausible possibility is that fall-back accretion from the

supernova could easily have slowed a magnetar with a magnetic
field of ∼1013–1014 G down to its current period of 18min in
∼104–106 yr. In this scenario, the supernova fossil-disk is now
inactive (because the disk is now too cold or has been completely
disrupted), so the source had resumed its dipolar-driven rotation
and normal radio-loud magnetar activity. However, its spin period
has been driven at a longer value than that of its peers at the same
age and field (∼1014–1015 G; for detailed simulations, see Ronchi
et al. 2022; Gençali et al. 2022, and Tong 2022).
Several studies have discussed the radio luminosity of GLEAM-

X J1627 during its radio outburst in comparison with the limits of
its rotational energy (Erkut 2022; Hurley-Walker et al. 2022). In
particular, assuming isotropic emission, the radio luminosity of the
brightest single peaks (Lradio∼ 1030–1031 erg s−1; Hurley-Walker
et al. 2022) exceeds the limits on the rotational power of the source
by a few orders of magnitude. Figure 6 shows those peak radio
luminosities and the rotational power of GLEAM-X J1627 in

Figure 6. Radio luminosity vs. rotational power of bright single-peak emission for all pulsar classes and the GLEAM-X J1627’s upper limits. Radio magnetars’ bright
single pulses are labeled in green. The gray solid line marks the relation L Eradio rot= .
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Magnetar Radio Bursts with 
luminosity higher than spindown 
power

Rea et al. 2022

Rea 2013



Magnetars in outburst

Before During After

Sathyaprakash et al. 2024



Blackbody spectrum
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Fig. 7.2 The unfolded XMM EPIC-pn spectrum of RX J0720.4−3125 together with the best fitting
model (a blackbody plus absorption line); the blackbody component is also shown for comparison
(from [23])

electron volts). This is illustrated in Fig. 7.2 which shows the unfolded spectrum of
RX J0720.4−3125. Absorption features appear to vary with the spin phase, as in RX
J0720.4−3125 [18] and in RX J1308.6+2127 [77]. Moreover, in RX J0720.4−3125
the line EW follows the long-term (∼ yrs) evolution of the source and correlates with
the blackbody temperature. The prototype, and brightest source, of the class, RX
J1856.5−3754, is peculiar since its spectrum convincingly appears featureless [12],
although possible broadband deviations from a blackbody have been reported [7].

The nature of the absorption features is unclear as yet. At present, two main
explanations for their origin have been suggested: either proton cyclotron reso-
nances or atomic transitions in light elements. In both cases the required value of the
magnetic field is quite high, B ! 1013 G. The derived values of the magnetic field,
assuming that the features are proton cyclotron resonances,

Eline = 0.63(1+ z)−1(B/1014 G) (7.1)

where (1 + z)−1 ∼ 0.8 is the gravitational redshift factor at the star surface, are
listed in Table 7.2. Interestingly, for the two sources in which a spin-down measure
is available, the values of B obtained from Ṗ assuming magneto-dipolar braking
are in reasonable agreement with those inferred from the line energy (see Sect. 7.2.1
and Table 7.2 where the spin-down values of B are in parentheses).

Finally, it should be noted that more sophisticated and physically motivated spec-
tral models, in particular atmospheric models, give a worst interpretation of the data
with respect to a simple blackbody. Although this is the case also for some other

Blackbody 

Blackbody + absorption 
line

kTBB ∼ 50 − 100 eV

plus a broad absorption feature
Eline ∼ 0.2 − 0.8 keV

RX J0720.4-3125

Haberl et al. 2004

Phase dependent narrow 
absorption feature 
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Narrow phase-dependent absorption features

Borghese+ 2015, 2017

First observational evidence for a complex magnetic eld in the XDINSs

Evolutionary connection between XDINSs and magnetars

Proton cyclotron
resonant scattering

B
dip

~2.5 x 1013 G

B
loop

~1.8 x 1014 G 

B
dip

~3.4 x 1013 G

B
loop

~2 x 1014 G 

Borghese et al. 2015

Bdip ∼ 2.5 × 1013 G

Bloop ∼ 1.8 × 1014 G

X-ray Dim Isolated Neutron Stars (XDINSs)



How Many Neutron Star?
We can estimate the total number of neutron stars in our Galaxy:

Core-Collapse 
Supernova rate 

  per century∼ 2

Galaxy age: 
∼ 13.6 Gyr

Neutron Star 
number: 

∼ 2.8 × 108

We can only detect a very small fraction of all neutron stars. Population synthesis bridges this 
gap focusing on the full population of neutron stars (eg. Faucher-Giguère & Kaspi 2006, Lorimer et 
al. 2006, Gullón et al. 2014, Cieślar et al. 2020)

model birth 
properties with 

Monte-Carlo 
approach 

Evolve 
properties 

forward in time 

Apply filters to 
mimic 

observational 
biases/limits 

Compare mock 
simulations to 

observations to 
constrain input

Courtesy of Vanessa Graber



Dynamical Evolution

• Neutron stars are born in star-forming regions, i.e., in the Galactic disk 
along the Milky Way’s spiral arms, and receive kicks during the supernova 
explosions. 

• We make the following assumptions: 

• Electron-density model (Yao et al., 2017) + rigid rotation with T = 250 Myr. 

• Exponential disk with scale height  (Wainscoat et al., 1992). 

• Single-component Maxwell kick- velocity distribution with dispersion 	
 (Hobbs et al., 2005). 

• Galactic potential (Marchetti et al., 2019).

hc = 0.18 kpc

σk = 265 km/s

Courtesy of Vanessa Graber

We use this information to determine pulsar 
positions and velocities



Dynamical Evolution

Courtesy of Vanessa Graber

• For our Galactic model ΦMW, we evolve the stars’ position & velocity by solving 
Newtonian equations of motion in cylindrical galactocentric coordinates:

·· ⃗r = − ⃗∇ ΦMW

Galactic evolution tracks for  hc = 0.18 σ = 265 km/s

Top View Side View 



Magneto-Rotational evolution
The NS magnetosphere exerts a torque onto the star. This 
causes spin-down and the alignment of the magnetic and 
rotational axis 

·P =
π2

c3

B2R6

IP (k0 + k1 sin2 χ)

·χ = −
π2

c3

B2R6

IP2 (k2 sin χ cos χ)

(Spitkovsky 2006)

(Philippov, Tchekhovskoy & Li 2014)

We make the following assumptions:  

• Initial periods follow a log-normal with  

and  (Igoshev et al. 2022) 

• Initial fields follow a log-normal with  

and  (Gullón et al. 2014)

μlogP

σlogP

μlogB

σlogB

Courtesy of Vanessa Graber

But the magnetic field decay due to Ohmic 
dissipation and Hall effect in the crust! (e.g. Viganò 
et al. 2013) 

Above  fields decay follows a power-law 
with  

Five parameters: , , ,  and 

τ ∼ 106 yr
B(t) ∼ B0(1 + t/τ)a

μlogP σlogP μlogB σlogB a



Magneto-Rotational evolution
To model the magneto-rotational evolution, we numerically 
solve two coupled ordinary differential equations for the 
period and the misalignment angle 

·P =
π2

c3

B2R6

IP (k0 + k1 sin2 χ)

·χ = −
π2

c3

B2R6

IP2 (k2 sin χ cos χ)

(Spitkovsky 2006)

(Philippov, 
Tchekhovskoy & Li 
2014)

We use results from magneto-thermal 
simulations to determine the evolution of 
the magnetic field.  

This allows us to follow the stars’  and 
 in the  diagram 

P
·P P − ·P

Courtesy of Vanessa Graber



Some Results…

Michele Ronchi PhD thesis
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