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Magnetars:
« SXRs + AXPs -- neutron stars with ultrahigh

Thermal evolution of magnetars

magnetic field: p - 10 Q.

Majority of data eviaence -- they are powered

neither by accretion nor by rotation

Most probably -- they are driven by

ultrahigh B-fields

Activity: quasi-persistent thermal and

non-thermal emission, X-ray and gamma-ray bursts,
flares and giant flares, glitches, QPOs, etc.

Sources: wild processes of magnetic energy release
in neutron stars interiors or magnetospheres

Main problem:

SXRs + AXPs are spending a lot of energy: up to
Whether it could be the energy of ultrahigh B-field i, = [0 ira
within the star (in the crust or core)

Main question:

L

Where is this energy released and how? What are mechanisms?



Magnetars versus ordinary cooling neutron stars

Magnetar box (not complete)
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Main trends: BB-temperatures vs. ages
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Correlations: BB- temperatures vs. B-fields

Red symbols — young NSs ( < 104yr)
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Phenomenological approach

The aim _is to explain thermal emission of magnetars

Basic assumption: internal heating is inherent feature of
ultrahigh B-fields:
B-fields —= heater —= quasi-persistent thermal emission
Phenomenological points: the emission is powered by
internal heat sources

50

- The maximum stored energy Ei = 10" — 10" erg can be
the energy of internal magnetic field B ~ (1 —3) x 10" Gin
the magnetar internal crust and/or core

» The stored energy is released in the crust
This approach has been confirmed recently:

py series of 2D- calculations of magneto-thermal evolution:
pns, Miralles, Geppert 2009, Pons & Rea 2012, Vigano et al. 2013,
aetal. 2013

Our approach is much more primitive, but it allows to set
a few principal points which we believe to be useful.




Heating and cooling of neutron stars

Oversimplified equation of thermal diffusion with account of
neutrino emissivity QV and heating power per unit volume H :

C BT . (a) The thermal balance equation (GR
= div(x VT) - QV /17! (b) The heat transport equation (GR

Surface photon luminosity: L}/ = 477¢

Heat blanketing envelope

A 4
Including Q : TS =
\ v
P, = 10'° g cm’ ; thickness ~
oo "\ mass of the envelope - 1071/,
oe®

Heat content of NS: (




Features of internal heating

In Inner crust but released in the outer crust

Local energy release (hot blob)

)/ @ Energy release




Phenomenological heater and calculations

Radial heat power distribution:

Angular heat power distribution:

H )

1‘.<<'r0

Either hot “blob” - 2D code,

H, then additional parameter 6,

Or hot spherical layer - 1D code

i - i %
H(p,t)=H, O(p,,p,) exp(—t/1,) 6.8 :—M:I"" Yo %%{%/

Four parameters: p,, p,, H,, 7,
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Run cooling code: in about ~ 10000 years =) quasi-stationary
temperature distribution determined by the heat source.



Results of 2D code

Excess heatfluxdensity:AF = F = FE ; F - heat flux without heater
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Weak heat spreading along the surface

Heat does not spread along the surface: Pons and Rea (2012)
heater‘s area is projected on the surface But more general approach:
1D and 2D codes give similar results Pons, Miralles, Geppert (2009)
Vigano et al. (2013)
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Temperature profiles inside 1.4 M, and 1.85 M,  stars

1D - calculatio
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Total heat power vs. surface photon luminosity [EEeE(EEIEY
and heat flux towards NS core L. (erg/s)
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Heating regimes

Neutrinos

Heat
transfer
inside

n T <10’ K, H,<10” ergcm™ s~

Conduction outflow regime:

n T >10" K, H,>10" ergcm™ s~ 1
Neutrino outflow regime: -_>

Non-economical heater

What is observed as quasi-persistent emission is basically
a small fraction of input energy

Most economical heater

Position: Outer crust
Heat power: H,< 10°° erg cm3 s

Efficiency to heat surface: <3%
Angular distribution: Hot spot



Nature of heating: Ohmic dissipation

- round state T | High temperature is nee
S Y : . Low electric conductic
’ Y3 [ | « Low thermal conducti

Similar matters:
Aguilera, Pons, Miralles
Pons, Miralles, Gepper
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Heat rate :
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For AQ/4m = (Rgp/2R)? ~ 0.1 = Wopmic ~ 10% erg s71,
Heat efficiency: L,/ Wonmie ~ 1/30 = L, ~ 3 x 10* ergs™!
Total energy needed: WopmicT ~ 10*7 — 10** erg

(T ~ 5 x 10% yr)




Main features of magnetars

Magnitars -- SGRs and AXPs : neutron stars with ultrahigh
B-fields -- exhibit strong persistent thermal and
on-thermal emission.

gnetars may be treated as cooling neutron stars
internal heating.

oating is probably inherent feature of
jelds.

oported by Ohmic




Main features of heating

* Comparison of 2D and 1D calculations :
the heat mainly diffuses radially inwards neutrinos
from the NS core.
Small fraction of the heat outwards thermal surface
radiation
Heater is located in a blob a hot spot radiates.
Heater is distributed over a layer the whole surface

Two regimes of heating: radiafes

(a) The conduction outflow regime:
H < 102°erg cm'3s'1, T < 109K;
The thermal emission is regulated by the heater’s power
and the neutrino emission in the NS core;
Strong thermal coupling :
the outer crust with the core;

(b) The neutrino outflow regime: H > 102°erg cm s T > 10 K
Thermal decoupling : the outer crust and the core.

The most economical heater is intermediates /7 ~ 10°° erg cm ™ s=', T~ 107 K
fficiency of surface T -radiation L / W does not exceed afew % .




Quiesent Luminosity vs. B-field

rred dipole B-field: Spin-down energy: Characteristic ac
Bi~32x10"VPP G, E=190=—(2)2IP/P* t. = P/2P

_|||||| TT] |||||I'IT| TT T rI'| rrr| |||||I'IT| ||||I1TI'| !-I ||||||I'I'| |||||I'IT| TTTIT T 1171 rI'| |||IT| |||||_
| 1= 060 . 0. r=0095 ¢ o < T o . r=-0.32
107 E p = 0,0064 o S Fp=070 . . . . ¢ p=0183
E .F'a ] L ‘ . ".| E
P [ F ’ . *
10#5' ¢ 3
E 1 HH
107k ' = ! 1
E é i 8 ] [ ] 8 L ]
I 102 $ ! E
; L ] [ )
10°k .
2 E-“ t i’ ‘5 3, ]
N ¢ : Bt
wl ]
10 E ‘}. TR RN R 2ot IR R IR IRV IR I SN RV Y R R R,
-Iu'l."l -”:r'lﬂ- -HJT!:- 10?9 -ID."IEI 1031 103}‘ -“]53 -Iﬂlﬂ- -10]5 10? 105 -”:Iﬂ- -”JE -”]E 10."
Magnetic Field (G) Spin-down Luminosity (erg s”) Characteristic Age (yr)




Neutron star model

*EOS (APR IV): Akmal, Pandharipande, Ravenhall 1998,
Heiselberg & Hjorth-Jensen 1999; neutrons, protons,
electrons, and muons in NS cores

Maximum mass: MMAX=2.16 MSUN , R=10.84 km ,
central density = 2.45x1015 g/cc

Example of slow cooling: M=1.4 MSUN, R=12.74 km,

central density = 7.755x1014 g/cc

Direct Urca: central density > 1.05x1015 g/cc, M>1.77 MSUN
«Effects of superfluidity are neglected

«Iron heat blanketing envelopes (densities <1010 g/cc),
but role of light elements on the surface —

*Radial magnetic field B=5x1014 G above hot spols:
synchrotron neutrino emission in the crust +
anisotropic thermal conductivity and neutrino emission
in the blanketing envelopes

*Cooling codes: either 2D, or 1D
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