Radiation from neutron stars with internal variable heating

A.D. Kaminker *

Coauthors: E.A. Chaikinz, A.A. Kaurov® and D.G. Yakovlev'

' loffe Physical-Technical Institute, St. Petersburg

2
Peter the Great Politechnic Univeristy, St. Petersburg

° Institute for Advanced Study, 1 Einstein Drive Princeton, New Jersey, USA

“Physics of Neutron Stars — 20177, July 12, 2017



e Heating and cooling of neutron stars: general equations
e Stationary heaters: general remarks
 Variable heaters: basic remarks and parameters

 \Variations of luminosities: heat peaks and heat drops

Effects of neurton superfluidity (SF) in the crust

Variations of accreted crust depth

Conclusions




Heating and cooling of neutron stars
Oversimplified equation of thermal diffusion with account of

neutrino emissivity Qv and heating power per unit volume H:

ol - a)The thermal balance equation (GR)
GVE = div (K VT) _QV + H (b) The heat transport equation (GR)
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T(p) = T(p) exp(®)— redshifted T



Equation of state and model parameters

Analytical parametrizations of the family BSk EOSs:

Potekhin et al. (2013)
We use one representative of the BSk = family: BSk 21

by Goriely et al. (2010), Chamel et al. (2010), Pearson et al. (2011, 2012)

with maximum NS mass: M = 228 M
M = 1.40 M, — 1260 km p, = 10° g em™® - Standard cooling

Skm pp = 101" o em™® - fast cooling:
direct URCA



Stationary heaters

Initially NS cools down up to the moment when a const. heating is switched on

At the first stage -- constant heat power H c (erg cm ™3 5‘1)
te = t1; t.— cooling time 4,
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Variable heaters: basic positions

At the second stage — variable heat power Qh(,ﬂ, f) (erg cm™ s71)

t. = to: 1o > t1: t.— cooling time;

( 2wt e 1P pa,

He+ (Ho — H‘:) Sl {Ej if and 0 <t < Af,
. M {_‘:PEP]?

Culp, t) =4 H.. it | and t & [0, At],
. P& [P1, P2,

0, it | and t & [0, At]

Hy— is the variation amplitude,

Heater - Af— is the variation duration,
h1 1] TERY VT -\-_1 "
Redshifted heat power (erg s™'):

Lﬁc hn:(t]' — f@h- hc[:p_-. t:l ﬂxp{ﬂiﬁjdlﬂ

Lyw. = L. dV — a proper volume element (GR)

®— metric function



Variable heaters: basic parameters

Redshifted heat power (erg s—'):

A variable heater may increase or decrease its power

and produce a peak of a dip in the thermal surface emission.

At which parameters these variations become observable 7
Two types of variations:

. T} ; )
e peaks — Hy=10H, Q= H.+9H, sin~ (7t/At)

T

il

o drops — Hy=0 O, =H.— H. sin’ (7t At)

Parameters of variable heaters at the second stage:
e stationary heat intensities —

H.=5 % 1017 (A),

5 x 1018 (B),

5

X

e corresponding steady heat powers —

L =1.7 % 10% (A),

1.7 x 10% (B),

e variation durations — At = 1.

e two positions of the heater:

outer heater — pq
inner heater — p

10" g em™
102 g em™

3
3

. P2
.

10" erg em™3 s~ (C)
1.7 x 1037 erg s= (C)

10, 100 yr

10*? g em™
1.27 x 10*? g em ™



Variable heaters: heat peaks

two positions of the heater:

outer heater — p; = 10 g em™
inner heater — py = 10 g em™
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Variable heaters: heat drops
drops — Hy=0 Qn = H.— H. sin® (7t/At)
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Maximum of peaks and minimum of dips
ratios of 122 /L™ vs. H. at Hy = 10 H, for maximums of peaks
ratios of 122 /L vs. H, at Hy = 0 for minimms of dips

for five values At = 0.1, 1, 10, 100 and 1000 yr
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To obtain noticeable variations of the surface emission we need:
an intermediate heater — H, ~ (1 —5) x 10'®

erg cm 2 !
and sufficiently long energy input At = 10 yr



Intermediate conclusions

We introduce {45— characteristic diffusion time

(taig ~ Cyv fgf.-"H]I.

[— characteristic length scale,

k— thermal conductivity (erg em—*! s=! K1),

At.— characteristic time scale of the surface emission

and Ty, — typical heater’s temperature

Three main regimes of the surface variability:

1) dynamic response to an internal rapid energy input

(At < tyg) rapid rise and longer decay
at not too hot star (T}, < 10 K): At ~ g

2) quasi-stationary response at not too hot star

(T;, < 107 K) to a slow energy release

(At 2 tag):

the surface emission approximately follows the internal energy release.
3)  efficient neutrino cooling in a hot star

(T}, = 107 K):

weak variations of the surface emission.
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Superfluidity (SF) and heat capacity

Neutron superfluidity in the erust 'Sy— type.
The main effect — suppression of the heat capacity (erg em™2 K™1):

12|

logp [gem ]

21

where T.— critical temperature.

b— const.

[ = NOS
« AWP2

GIPSF
SCLBL

12 13 14 15
logp [gem ™)

AWP2 — Ainsworth et al. (1989); GIPSF — Gandolfi et al. (2009); SCLBL — Schulze et al. (1996)



Peaks: heat power versus surface luminosities
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Temperature profiles
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Integrated heat release in the crust:

fully and not fully accreted crust

Transient accretion LMXB — active period — bright X-ray sources
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Partly accreted crusts:

transitions to a quiescent state
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Six quasi-persistent LMXBs In quiescence
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Conclusions

*  Neutron stars tends to hide their internal activity:
the surface luminosities are smaller, broader and asymmetrical

« To obtain noticeable variations of the suq%ce emiss:i%on 1one needs
intermediate heater H ~ (1-5) x 10" ergem s
and suficiently long ~ 10 yr

« The heater has to be rather close to the surface

* Neutron superfluidity in the crust enhances surface luminosities
and makes them steeper in time — decreases relaxation time



Simulated X-ray luminosities L(t) versus observational data
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Thermal relaxation of the neutron star

crust and core at t<10- 100 years T T T T T T
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Energy storage in the crust of young NS is
analogous to the hot layer heater:

the neutrino outflow regime T 2 10 K.

Thermal decoupling of NS

soft EOS
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Features of internal heating

N mnner crust put relteased In tne outer crus
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Neutrino emission from NS core

Outer core Inner core Nucl on:
Standard cooling Fast cooling ucieon composition.
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