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The observational zoo of Neutron Stars
Rotation-Powered Pulsars
(RPPs), including High-B
Pulsars, Radio-Transients
(RRATs) and high-energy pulsars
(gamma and TeV)
X-ray Isolated Neutron Stars
(XINSs or “the Magnificient
Seven”)
Magnetars (Anomalous X-ray
Pulsars and Soft Gamma-ray
repeaters): ∼ 20
Central Compact Objects
(CCOs): ∼ 10

Binaries and recycled pulsars
(not considered in this talk)
This is a taxonomic, historical
classification not based on intrinsic
physical diﬀerences !!.
[Kaspi 2010]
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Probing fundamental physics with
X-ray observations of neutron stars.
It has long been hoped that NS internal properties would be deciphered with high quality X-ray
observations (Equation of state of dense matter, composition, internal properties).
Spectral analysis
Ideally, a combination of accurate spectral modeling and observations can constrain at the same
time gravity (atmosphere model) and redshift (lines), thus rendering a measure of M and R.
Surprisingly, best spectra of nearby NSs are too close to BBs.
PROBLEM: typical kT ≈ 0.1 keV, the interesting part of the spectrum is absorbed.
NS cooling tracks.
The long term (1 Myr) cooling history of NSs is also a very powerful tool to learn about internal
physics. Accurate estimates of temperature/luminosity AND age for a significant number of
sources are required.
PROBLEM: B field eﬀects mostly ignored, but they are important. Need better theoretical models.
Timing analysis.
In the last years X-ray timing getting better.
Not as precise as for radio-pulsars, but sometimes there is no radio signal ! And radio and gamma
pulsars have strong selection eﬀects (favour short periods).
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Isolated neutron stars: observables
Timing: external magnetic field and characteristic age
�
19
−3
Accurate values of P, Ṗ ⇒ Bd = 6.4 × 10 G P ṖI45 R10 , τc = P/2Ṗ
WARNING: this is not a direct measure !
Other torques ? Time variation of B field, moment of inertia, angles ?
Multiband e.m. spectra
In most cases, discovered by radio emission.
More than 100 INSs are seen in X-rays (see Becker 2009), dozens more have upper limits.
Near 200 pulsars seen in γ−ray by Fermi (1/3 of which isolated and undetected in radio).
The thermal components tell us something about the cooling of the star (if no external heat
sources are present, e.g. particle bombardment in old PSRs)
Non-thermal components (power laws) are usually explained by magnetospheric eﬀects
Neutrinos
Neutrinos from a newly born proto-neutron star in SN1987a were already detected. In the event of
a galactic Supernova thousands of neutrinos are expected to be detected.
Gravitational waves
Advanced LIGO/VIRGO detectors have NS mergers as most promising event for the first direct
detection of GWs. Campaigns in search of GWs from isolated pulsars are also in the agenda.
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Some puzzles in NS genomics
Standard PSRs are powered by rotation, and their thermal luminosity, when detectable, is
reasonably understood within the standard cooling model (Yakovlev)
In magnetars, in which Ėrot < LX , the energy source must be the magnetic field, also responsible
for the bursting activity.
But:
What is the exact magnetar outburst mechanism ? Starquake, magnetospheric, both ?
Why do some objects display giant flares/outbursts, while others do not?
How can be “low-B magnetars” (SGR 0418+5729, SWIFT J1822-1606), if the magnetic
field is their driving force?
On the contrary, why do some RPPs behave like magnetars (PSR 1846-0258)?
What are CCOs? Anti-magnetars or hidden magnetars?
Are the magnificent seven or other isolated NSs old magnetars ?
Why we do not see isolated X-ray pulsars with spin period P > 12 s ?

Is evolution important ?
Some of the answers have to do with how diﬀerent classes are connected ? Do not take the static
picture, try to see the movie !
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The birth of neutron stars
10

A neutron star is born hot and liquid (melting T ∼ 10 K).
Hydrodynamics is appropriate, and if a strong magnetic field is present we can use MHD.
Stable MHD solutions are complex and require a toroidal component.
MHD equilibrium must be established in a few dynamical timescales (seconds, minutes).

[Braithwaite & Spruit 2004, 2006]

PROBLEM: we don’t really know what is the preferred initial topology and how is B generated
(fossil, dynamo, microphysical origin ...)
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Soon after birth

A newly born NS cools very fast, and a
few days/years after birth:
The crust freezes
Neutrons and protons become
superfluid/superconductor
Later on, long term cooling without
significant structural changes proceeds.

[Aguilera+ 2008]
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[Page & Reddy 2006]
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Standard 1D cooling theory
[e.g. Dany Page and St. Petersburg group works]
Energy balance equation
cv

∂T
∂
+
∂t
∂r

�

−κ

∂T
∂r

�

= −Qν

Ingredients:
Neutron star model (structure, EOS)
Heat capacity cv (T , ρ): main contribution by n
Thermal conductivity κ̂(T , ρ), very large in the core (rapidly isothermal). Important
timescales given by the electron relaxation time in the crust.
Neutrino emissivities Qν (T , ρ)
Boundary condition: model of envelope (i.e., liquid outermost ∼ 100 m, with strong gradient
of temperature), linking internal Tb to surface Ts ; emission model (atmosphere, BB...)
Low field INSs (B < 10

13

G)

1D models are reasonably correct (anisotropy, if any, in the envelope)
The influence of magnetic field is not relevant (maybe in old NSs too cool to be observable).
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Neutrino emissivities
Punchline
9
Highly dependent on temperature: the star cannot be kept more than hours/days at T � 10 K
(proto-neutron star phase or during the early outburst)

[Aguilera+ 2008]
Dominant processes in the crust:

1
2
3
4
5
6

eA Bremsstrahlung
Plasmon decay
−
+
Pair e
− e formation
nn Bremmstrahlung

n Cooper pair formation and breaking: superfluidity gaps
Synchrotron

Dominant processes in the core:

1
2
3
4

Modified URCA
nn Bremmstrahlung
Direct URCA
n and p Cooper pair formation and breaking: superfluidity
gaps

Huge continuous eﬀorts by Yakovlev, Potekhin, Chabrier, Chugunov, Reddy etc., but some processes (plasmon decay) still need revision.
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Cooling curve, weak magnetic fields (B � 1013 G)

EoS: Douchin & Haensel (2001); Baym+ (1971). Fe envelope (black) and accreted envelope (red) (Potekhin+ 2001, 2007; Pons+ 2009).
For both models, we show M = 1.10M⊙ (solid) and M = 1.76M⊙ (dashed).

General trend
≈ 1 − 10 yrs: thermal relaxation of the crust, after that the star is nearly isothermal
1
3
10 − 10 yr: superfluid gaps-dependent activation of CPFB processes;
4
5
−α
t < 10 − 10 yr: neutrino-cooling era; L∞ ∼ t
, α ∼ 0.2 − 0.5
5
6
−β
t > 10 − 10 yr: photon-cooling era; L∞ ∼ t
, β ∼ 4.5 − 6
Heavier stars (i.e., large central density) are cooler if Direct URCA processes are activated
NSs with accreted envelopes are warmer than NSs with iron envelopes during ν-cooling era,
but they enter earlier into the γ-cooling era.
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Cooling curve, weak magnetic fields (B � 1013 G)
Diﬀerent lines: masses from 1.10 M⊙ to 1.76 M⊙ . Iron (left)/accreted (right) envelope.
Caveat: dashed boxes should be probably moved to the left (τc < treal )
When not indicated in literature, an error of a factor of 3 is assumed in both t and L∞ (work in progress).

Most of RPPs agree with theoretical predictions.
RX J0007.0+7303 (radio-quiet γ-ray PSR in CTA1) is very cold.
Vela and PSR 1740+1000 need fast cooling.
CCOs are only compatible with light envelope models.
Most magnetars, high-B PSRs, XINSs (and CCOs with Fe envelope) are hotter than
expected.⇒ Extra energy needed
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But neutron stars do have magnetic fields.

Multi-D magneto-thermal evolution of NSs has just began to be considered since a few years ago,
not yet in a fully consistent way. In the past, multi-D results only for stationary solutions.
To get some insight into properties of high density/exotic matter, we must first establish the NS
model that includes the minimum reasonably well known physics and can explain or connect all (as
many as possible) diﬀerent classes, in terms of timing, spectral and bursting properties
The long term goal
Update new advances in microphysics at all densities and perform realistic simulations with all the
relevant physics (not always simple: superconductivity, magneto-elasticity).
To be able to simulate the evolution of a NS during its first Myrs of life (still visible as radio or
X-ray pulsars) considering the feedback between T and B evolution.
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Thermal evolution is aﬀected by B field

Energy balance equation
cv

∂T
� · (−κ̂ · ∇T
� ) = −Qν + Qj
+∇
∂t

1 Joule dissipation (source of heat Qj , non-isothermal crust!)
2 anisotropic thermal conductivity κ̂
3 new or modified neutrino emission processes (e,g, synchrotron)
4 quantizing eﬀects (unimportant in the crust)
� incl. all these eﬀects
5 envelope model Ts (Tb , B)
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Magnetic field evolution
CRUST
The solid crust can be considered a simplified version of a Hall plasma: ions have very restricted
mobility and only electrons can move freely through the lattice, carrying currents and heat: the
proper equations are Hall MHD. If ions are strictly fixed in the lattice, the limit is known as EMHD
(electron MHD).
Induction Equation
�
∂B
� ×
= −∇
∂t

�

� −
� × (e ν B)
η∇

�

�
�
ce −ν �
ν�
ν�
∇ × (e B)
× (e B)
4πene

η is the magnetic diﬀusivity, strongly depends on T (FEEDBACK !)
In the limit of small deformations, the metric is still spherically symmetric. Relativistic corrections
−ν
included with the e
factor.
CORE
Not clear how much flux penetrates into the core, and what is the evolution of a SC fluid (fluxoids
drift and interact with vortices? magnetic buoyancy? no ambipolar diﬀusion in a superfluid ?).
Probably, its observational imprint is irrelevant for spectral analysis, but important for timing
properties.
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The Hall term
� �
�
�
��
�
∂B
� − ωB τe ∇
�
� × η ∇
� × (e ν B)
� × (e ν B)
= −∇
×�
b
∂t

Here ωB τe is the “magnetization parameter”, where ωB is the gyro-frequency.
For high temperatures (large resistivity) or weak fields: diﬀusive regime ωB τe � 1
8
For low T (T � 10 K) or strong fields: hyperbolic regime ωB τe � 1, i.e. Hall activity.
Linear regime: wave modes
� = B0 ẑ
Backgroung field B

[Huba 2005]

constant ne , whistler (or helicon) waves propagating along field lines
2
dispersion relation ω = k B/4πene
phase velocity ∝ kz ⇒ restrictive Courant condition
� × ∇n
� e direction
ne = ne (x), Hall drift waves in the B
dispersion relation ω = ky B0 /[4πe(dn/dx)]
phase velocity B0 /[4πe(dn/dx)]
Current sheets.
Burgers-like term in Bφ evolution equation due to non-linear self-coupling! Impossible to catch it
with a spectral method, need for shock-capturing finite-diﬀerence methods [Viganò+ 2012].
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Multipolar field with a crystalline crust (low diﬀusivity).
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Evolution of magnetic field
Magnetic field dissipation (Bp decreases) makes the spin-down ineﬃcient at late ages
⇒ Asymptotic P
Up to now: phenomenological models [Colpi+ 2000], no physics.
Detailed Magneto-thermal evolution simulations
(2D) (Viganò et al. 2013)
• Large magnetic fields sustained by crustal
currents keep the star detectable longer (Myr).
• Magnetic, rotational and thermal evolution
agree with timing and spectral observations of
magnetised neutron stars.
• The bulk of crustal currents circulate in the
dense, inner crust due to the Hall drift and the
electron density gradient.
• We can revise rotational evolution:
2
P Ṗ = KBp (t) (with time dependent, physically
motivated B(t))
Bottomline
What matters are the properties WHERE CURRENTS ARE PLACED
Physics of the INNER CRUST regulates the observed TIMING properties and physics of the outer
crust and envelope determines the surface temperatures !
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Constraining models
See online data catalogue www.neutronstarcooling.info
Simultaneous fit of P, Pdot, and Luminosity hard to achive. Combination of luminosity and timing
data requires a large Qimp � 10, in the density range of the pasta phase.
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Inner crust and nuclear pasta

• Density: ρ � 6 × 10 g cm
• The large Coulomb energy cost can favour
nuclei in pasta shapes (rods, slabs, bubbles).
13

−3

[Okamoto+ 2013]
[Page & Reddy 2006]
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Transport properties and structure of the pasta phase.
Properties of the inner crust are not well known
• Structure? Concentration and localization of defects? Eﬀects of magnetic fields?
• Disordered [Jones 2004]? Crystalline outer crust + pasta [Horowitz group]?
• Caveat: Transport properties of pasta phase are largely unexplored.
[Horowitz, Pérez-Garcı́a, Berry & Piekarewicz 2005]

IMPURITY PARAMETER
2

Qimp = �Z � − �Z �

2

In absence of more detailed calculations, Qimp
parametrizes the crystal structure.
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Conductivity of inner crust
−

• Crystalline lattice: e -phonon scattering (strongly T -dependent).
• Disorder resistivity (pasta phase or impurity) is almost independent of T

[Conductivity calculated with St. Petersbourg group routines]
http://www.ioffe.ru/astro/conduct/
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Timing properties
14

Initial magnetic field: B = 3 × 10 G.
A and C models: same as B, with diﬀerent mass
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Many magnetars are discovered while in outburst.

[Rea & Esposito 2012]
3

The flux enhancement can reach a factor 10 .
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[Duncan & Thompson 1992]

Magnetic stress tensor:
Mij (�
x , t) =

Bi (�
x , t)Bj (�
x , t)
4π

Magnetic field evolves in the crust (helicon waves, Hall waves) and dissipates. This changes the
stresses balance.
Shear breaking stress
�
�
1.27
Z 2e2
max
σb � 0.0195 −
ni
Γ(T (t)) − 71
a
[Chugunov & Horowitz 2010] Breaking strain 100 time larger than usually assumed !!
eq
When |Mi,j − Mi,j | = σb (�
x , t), the stress imbalance exceeds the shear breaking strength of the
crust, the crust breaks, and elastic/magnetic energy is released and converted into electromagnetic
energy.
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[Perna & Pons 2011, Pons & Perna 2011]

• SGR-like events for young objects are more energetic and more frequent.
• AXP-like events for middle-age objects are less frequent and its location is closer to the pole.
• Objects with strong internal fields are more energetic
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Outbursts: the eﬀect of the toroidal field

14

• The outburst rate critically increases when the poloidal field is Bp > 2 × 10 G
• For a fixed poloidal field, the event rate increases when Bt > Bp
• low B magnetar-like events for old objects are rare, but still possible.
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Outbursts: flux increase ratios

• Strong correlation between flux increase ratio and quiescence luminosity
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Outbursts

[Pons & Rea ApJL(2012)]

• saturation luminosity ≈ 3 − 5 × 10
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erg/s due to neutrino losses at high temperature.
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Summary
• The first Hall stage (few kyrs) is very active. Whistler and Hall waves stress the crust, resulting
in frequent outburst and flares when the magnetic stresses break the crust magnetic helicity is
transferred to the magnetosphere.
• In all NSs born as magnetars the magnetic field dissipation is enhanced by the combined action
5
of the Hall drift and Ohmic dissipation., After few 10 yr they look like isolated NSs or high field
radio-PSRs.
• Currents tend to circulate in the inner crust. The transport properties (electrical conductivity) of
the inner crust determine the evolution of the magnetic field.
• No isolated neutron star is seen with P > 12 s. Possibly the first direct evidence of a highly
resistive layer, compatible with the pasta phase.
• There is still a chance of rare transient phenomena for old or low B NSs (PSR J1846-0258, SGR
0418+5729, SGR 1822-1606). Low BUT non-zero event rate.
• During outbursts, maximum thermal luminosity saturates due to neutrino emission processes.
Explains why objects with low luminosities in quiescence show large flux increases.
The varied phenomenology of the NS zoo is likely NOT due to diﬀerent species. We are probably
seeing the same animal at diﬀerent ages or in a diﬀerent social environment.
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