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Isolated neutron stars  -  no accretion

Rotation powered pulsars (RPPs)
Thermally emitting NSs (TEINSs) 
Anomalous X-ray pulsars (AXPs)
Soft gamma repeaters (SGRs)
Central Compact Objects  (CCOs) in SNRs 
Rotating radio transients (RRATs)

Diverse population:

I will talk about RPPs and TEINSs



Rotation-Powered Pulsars (RPPs):
Neutron stars (NSs) whose radiation is powered 
by NS rotation (via creation and acceleration of e+e- pairs in 
strong magnetic field)

Luminosity L proportional to spin-down power Edot 
L = η Edot η – radiative efficiency

Detected RPPs:
~1800  in radio
~10      in optical (+NIR+UV)
~100    in X-rays
~100    in γ-rays



RPPs exist due to constant supply of relativistic e-e+ into magnetosphere

pulsar wind
magnetospheric emission
(synchrotron & curvature)

heated polar caps

relativistic e+e- in
magnetosphere

fast rotation + strong magnetic field

electric field

PWN X-rays



Another source of X-rays:  
Thermal emission from the bulk of NS surface

Heat is stored (produced) inside the NS. 

 Internal heating (e.g., magnetic field decay, frictional heating, 
 rotochemical heating, etc): Additional heat is supplied throughout
 NS lifetime. 

Contrary to magnetospheric emission, observed from radio to 
gamma-rays, thermal emission is seen in soft X-rays and UV 
(sometimes in the optical). 

Thermal emission is present in all types of NSs, including RPPs; 
it is seen as a “hump” on a ~PL multiwavelength spectrum.

Residual heat from NS formation: Amount of heat decreases 
with age (NS cooling via neutrino and photon emission) 



Example: Spectrum of PSR B1055-52 (τ = 535 kyr, 
Edot = 3E+34 erg/s) from  optical  to gamma-rays

(Mignani, GP, Kargaltsev 2011)

Fν (ν)



Zoom-in on X-ray spectrum of PSR 1055-52 
(Chandra+ROSAT)

Soft thermal:
72 eV, 12 km

Hard thermal:
140 eV, 0.8 km

Nonthermal:
Γ = 1.7



ην = ν Fν 4πd2/ Edot  -- “spectral efficiency”    

Three main components: coherent magnetospheric (radio), incoherent 
magnetospheric (NIR through gamma-rays), thermal from NS surface 
(FUV – soft X-rays)

thermal hump

Another example: Spectral efficiency of the Vela pulsar 
(τ = 11 kyr, Edot = 7E+36 erg/s) from radio to gamma-rays



In some young RPPs magnetospheric component buries 
thermal one. Example: XMM spectrum of PSR 1509-58
(τ = 1600 yrs,  Edot = 1.8×1037 erg/s)

Photon index
Γ = 1.3

Absorbing column
nH = 9×1021 cm-2



X-ray luminosity and efficiency of RPPs vs. Edot

Lx generally grows with Edot (as expected) but ηX shows a very large 
scatter. Old (low-Edot) pulsars are more X-ray efficient than young ones?

(Kargaltsev, Durant, GP 2012)



Slopes (photon indices) Γ ~ 1  ̵  3

Spectra tend to become
steeper with increasing age 
(i.e.,  decreasing Edot)?

However, photon indices
may be overestimated
for old pulsars (if there is
a thermal polar cap
component).

X-ray spectra of RPPs
Magnetospheric component: usually Fν ~ ν ̵ Γ+1 

(Li, Lu, Li 2008)



Thermal soft (bulk surface) and thermal hard (polar cap)
components: Usually fitted by blackbody spectra.

Example: XMM spectrum of PSR B0656+14 (τ = 110 kyr, Edot = 3.8E+34 erg/s

(De Luca et al. 2005)

kTS = 55 eV, RS = 20 km

kTH = 110 eV, RH=1.8 km

Γ = 2.1

kTS = 30 – 200 eV
(seen up to t ~ 1 Myr)

Typical blackbody
temperatures:

kTH ~ 100 – 400 eV
(possibly seen in old 
RPPs also)



True shapes of RPP spectra (hence temperatures and sizes) 
are not very certain

Spectra emitted from atmospheres or solid surfaces differ 
from the Planck spectra  (talk by Dong Lai).

For instance, H or He atmosphere model fits yield effective 
temperatures a factor of ~1.5 – 2 lower, and sizes ~3 – 10 times 
larger than the BB fits.

Heavy element atmosphere spectra should have absorption 
lines in soft X-rays.

Hints of spectral features are seen in some RPP spectra, 
more  pronounced at some pulsation phases; origin unknown.



RPP pulsations in X-rays

Magnetospheric component:  
    Sharp pulsations, high pulsed fraction, sometimes 
    several  peaks

Thermal component(s): 
     Smooth pulsations, low pulsed fraction

Usually:

(but there are some exceptions)

Pulse shapes are often asymmetric  lack of axial symmetry
in the emission zone



Energy-dependent pulsations: Geminga (radio-quiet RPP)

0.15 – 4.0 keV, composite light curve

0.15 – 0.8 keV, mostly thermal emission,
one broad peak, nonuniform temperature

0.8 – 2.0 keV, nonthermal emission 
becomes dominating, two peaks emerge

2.0 – 4.0 keV, purely nonthermal,
two narrow peaks, high pulsed fraction



Absorption features are seen in RPP spectra 
at some phases (Kargaltsev et al. 2012, Science) 



Spectra and pulsations of old RPPs

A dozen of “old” (τ >~ 1 Myr, Edot <~1E+34 erg/s) RPPs have 
been detected recently with Chandra and XMM, including the 
170 Myr old PSR J0108-1431 (Posselt et al. 2012).

Their spectra can be fitted by PL models with large photon 
indices, Γ ~ 3 – 4, but such fits usually yield too high absorbing 
column NH (sometimes higher than the total Galactic NH).

Reasonable NH values can be obtained in two-component 
PL+BB fits, indicating that there are magnetospheric and 
thermal (polar cap) components.

X-ray efficiency of old RPPs, ηX ~ 10-3 – 10-2, is higher that in 
younger ones  (~ 10-5 – 10-3). 

X-ray pulsations were detected in 4 old pulsars.



Example: Spectrum and pulsations of PSR J0108-1431, 
the oldest RPP detected in X-rays (Posselt et al 2012)

PL+BB fit Γ = 2, kT = 110 keV, R = 46 m

X-ray and radio pulsations
(0.2 – 2 keV)

Main contribution from BB component;
asymmetric pulse shape



X-ray efficiency becomes higher for old (low-Edot) RPPs ?

Possible reasons:

e-e+ are accelerated to
lower maximum energies  
maximum of spectral
efficiency moves to lower
photon energies

(Posselt et al. 2012)

Efficiency of polar cap
heating grows with 
decreasing Edot 
(Harding & Muslimov 2001)



High-B  RPPs

B > ~1013 G ~12 known

Overlap with magnetars 
in the P-Pdot diagram

(Ng & Kaspi 2010

Transitional objects between 
“normal” RPPs and magnetars?

Likely, yes.

Magnetar-like bursts 
in PSR J1846-0258
(B=5E+13 G, τ ~ 1 kyr)
(Gavriil et al 2008; see posters
by S. Safi-Harb and A. Yuta)

high-B RPPs

magnetars



Indications of positive correlation between surface 
temperature and magnetic field   (Pons et al. 2007).

(Zhu et al. 2010)

high-B pulsars

normal RPPs

TEINSs

Evidence of magneto-thermal
evolution (Aguilera et al 2008;
Pons et al 2009)



There are NSs that do not show magnetospheric emission 
or any  traces of magnetospheric activity, such as a PWN, 
but  show  thermal emission. 

They can be called thermally powered pulsars (TPPs)

Thermally emitting isolated NSs (TEINSs)

We can expect a lack of magnetospheric activity in 2 cases:

low-B INS

long-P (high-B) INS

“antimagnetars” (CCOs)

high-B INSs  (XDINS, XINS, M7,…  TEINSs)

(talk by
Wynn Ho)

ultra-high-B INSs =
= magnetars (AXPs & SGRs)

(talk by 
Nanda Rea)



P-Pdot diagram

magnetars

CCOs

RRATs

TEINSs



TEINSs  =  isolated NSs with high magnetic fields, B ~
(1 – 3) 1013 G, slow rotation, P = 3 – 12 s, lack of obvious
magnetospheric activity, thermal emission in soft X-rays/UV,
kT = 40 – 120 eV, RBB = 1 – 7 km;  d < 1 kpc;   FX/Fopt >> 1

(Kaplan et al. 2009)

7 TEINSs were discovered by ROSAT; further searches failed to find 
firmly established new TEINSs (Agueros et al 2011), although found 
other peculiar INSs (Pires et al 2012; Shevchuk et al 2009) 

LX ~ 1031 – 1033 erg/s > Edot ~ 1030 – 1031 erg/s



TEINSs have thermal spectra, not “contaminated” by 
magnetospheric emission   allow to study NS surface
(chemical composition, distribution of temperature and
magnetic field), thermal (thermo-magnetic) evolution, 
properties of superdense matter, etc
(talks by Dong Lai and Feryal Ozel; poster by Hambaryan)

“The only good pulsar is a dead one” 



X-ray spectra
Some are very close to blackbodies 

RX J1856-3754

This spectrum is also very stable
(Mereghetti et al 2012)

Most show broad absorption features

RX J1605+3249

(apparent feature at 0.4 keV due to calibration)

Up to 3 absorption features:
at  0.40, 0.59, 0.78 keV

(Haberl 2007)

Origin unknown
Harmonics of ion cyclotron energy?
Features of solid surface emission?
Thin atmosphere above solid surface?
(Hambaryan et al 2012)



Narrow feature in the X-ray spectra of TEINSs

(Hohle et al. 2012)

0.57 keV

Detected in 3 TEINSs 
RX J1605+3249

OVII/OVI  in ISM or 
circumpulsar matter ?

Gravitationally redshifted
(1+z = 1.17) OVIII  ??



X-ray – UV-optical spectra
RX J1856-3754

Fλ (λ)

(Kaplan et al 2011)

RX J2143+0654

 mismatch X-ray Planck spectra - optical-UV excess by a factor of 5 – 50 (!)
  The spectra are not Planckian. Nonuniform T? Atmospheric effects?

“Rayleigh-Jeans” tails in the optical:

“Wrong” slope in some spectra  nonthermal component?



Pulsations
Usually smooth, contain 1 or 2 harmonics, pulsed fraction and, sometimes,
 peak phase depend on energy.

(Haberl 2007)

RX J0720-3125

0.12 – 0.4 keV (soft)

0.4 – 1 keV (hard)

hardness ratio (hard/soft)

due to nonuniformities of T and/or B



Pulsations are stable in most TEINSs (i.e., a steady spin-down with 
certain P and Pdot describe all the timing data available).

Exception: RX J0720-3125   -  no steady spin-down, varying count rate
 and  spectrum

Timing residuals for spin-down
solution: Precession?  No. 

Spin-down + glitch solution:
plausible

(Hohle et al 2012)

kT

EW

RBB

A glitch or accretion episode occurred at ≈ MJD 5300 
(van Kerkwijk et al 2007)



What is the source of heat in TEINSs?

Residual heat from NS formation? Some internal heating? 

(Pons et al 2007)

Internal heating in NS crust due to decay of magnetic 
field (tD ~  1Myr),  balanced by NS cooling

TEINSs

T ~ B1/2



Conclusions
Magnetospheric emission in RPPs: 
• Large scatter of X-ray efficiency  LX depends not only on Edot
• Many spectra, pulse shapes, phase-resolved spectra have been 
  obtained; comparison with models required
Polar cap thermal emission in RPPs:
• Small sizes, efficiency grows with age?
Bulk surface thermal emission in RPPs and TEINSs:
• Nonuniform temperature distribution – due to nonuniform 
  magnetic field?
• Magnetic field decay in NS crust is important heating source
• Broad absorption features remain puzzling
• Narrow 0.57 keV absorption line  circumpulsar matter?
Some open questions on TEINSs: 
• Nonthermal optical emission? How rotational energy is being 
  lost?
• No new TEINSs discovered with Chandra/XMM. Surprising?


