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1. Introduction

Recently, observational data of thermally emitting isethheutron stars (NSs) confirm that
most of them have magnetic fields larger that®X®. Therefore, a reliable treatment of the thermal
evolution must not avoid the inclusion of the effects prastiby the presence of high magnetic
fields.

The non-uniform distribution of the surface temperaturdsofated NSs seems to be con-
firmed by the analysis of observational data (see reviewsfit] [2]). The mismatch between
the extrapolation to low energy of the fits to X-ray spectra] ¢he observed Rayleigh Jeans tail
in the optical banddptical excess flJx cannot be addressed with a uniform temperature. Sev-
eral simultaneous fits to multiwavelength spectra of RX 81853754 [3], RBS 1223 [4], and
RX J0720.4-3125 [5] are explained by a small hot emitting ared 0—20 knf and an extended
cooler component.

The non-uniform surface temperature distribution may feelpced by crustal confined mag-
netic fields [6, 7]. Magnetic fields larger than'2G5 limit the movement of the electrons (heat
carriers) in the direction perpendicular to the field witk tiesult that the thermal conductivity is
highly suppressed, while remains almost unaffected albadi¢ld lines.

For such large fields, the field decay through Ohmic dissipatnd Hall drift processes is very
efficient and the heat released in the crust (Joule heating) be taken into account in the thermal
evolution of a neutron star [8]. In this article we focusedtbe effects of field decay and Joule
heating on the neutron star cooling. In particular, we campar simulations with observational
data of a sample of isolated NSs that are highly magnetized.

2. Cooling of neutron stars with magnetic fields

We have performed two—dimensional simulations by solviregenergy balance equation that
describes the thermal evolution of a neutron star (NS)

T - .
G0~ 0 (R-BT) = -Qu+ Q. @1)

whereC, is the specific heat per unit volum€), are energy losses by-emission,Q; the
heat released by Joule effect, akds the thermal conductivity tensor, in general anisotrapic
presence of a magnetic field. In this equation we have omittkdivistic factors for simplicity.
A detailed description of the formalism, the code, and tsstdn be found in [8]. The geometry
of the magnetic field is fixed during the evolution. As a pherooiogical description of the field
decay, we have assumed the following law

exp(—t/Tonm)
1+ (Tohm/ THan) (1 — exp(—t/Tohm)) ’

whereB is the magnetic field at the polBy its initial value,Tonm is the Ohmic characteristic time,
and g the typical timescale of the fast, initial Hall stage. In traly evolution, whet < Tonm,
we haveB ~ Bo(1+1t/1ha1) ~ while for late stages, when> Topm, B ~ Boexp(—t/Tonm). This
simple law reproduces qualitatively the results from mamnplex simulations [9] and facilitates
the implementation of field decay in the cooling of NSs fofediént Ohmic and Hall timescales.

B=Bo (2.2)
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3. Joule heating governing the cooling

Given a 135 M., neutron star model with a crustal confined magnetic field é8]jrwe have
varied the parameters that describe the typical timesd¢ate®hmic dissipation and a fast initial
decay induced by the Hall drift.
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Figure 1: Cooling of strongly magnetized NSs with Joule heatingBge= 5 x 10** G. Upper panel shows
Ty, vs.t at the pole (left) and at the equator (right). Lower panelsi@; normalized to its value at the pole
vs. 6. Three pairs of Joule parameteagsm, THai are shown: 18yr, 10°%yr (solid lines), 16yr, 10*yr (dashed
lines), and 16yr, 1Pyr (dotted dashed lines), respectively

In Fig. 1 (upper panel) we show the cooling curves, the teatpez at the bottom of the
envelopey, as a function of the agédor three different pairs of valuesdnm, THan): (10°yr, 10%yr),
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(10®yr, 10%yr), and (18yr, 1Pyr) represented by solid lines, dashed lines, and daskedlbttes,
respectively. For comparison, the thin dashed lines shevetiolution with constant field for the
same initial fieldBy = 5 x 10" G.

It is first to notice that there is a large effect § as a consequence of the heat released, it
remains much higher than in the case of hon—decaying magdiedtl. The strong influence of the
field decay is evident for all parameters chosen. The tertyreraf the initial plateau is higher for
shortertyg, but the duration of this stage with nearly constant tentpegds also shorter. When
t = THal, B has decayed to about2By and 34 of the initial magnetic energy has been dissipated,
so that reducingpa we can keep higher temperatures, but for shorter times.r Atetya, Tp
drops due to the transition from the fast Hall decay to thevetdOhmic decay.

The insulating effect of tangential magnetic fields is twdfd-irst, in the absence of additional
heating sources, it decouples low latitude regions fromhtiitéer core resulting in lower tempera-
tures at the base of the envelope. Second; if there is heatsed in the crust, it prevents the extra
heat to flow into the inner crust or the core where it is mordyebst in the form of neutrinos. Our
simulations with Joule heating show systematically a hoiagorial belt at the crust—envelope in-
terface. However, as discussed in [8], theerted temperature distributioat the level of the crust
is not necessarily visible in the surface temperatiigedistribution because it is filtered by the
magnetized envelope. An analysis of the angular temperalistribution given in the lower panel
of Fig. 1 shows the development of a middle latitude regiotteéndhan the pole at relatively late
stages in the evolutiort ¢ 10* — 10° yr). This hotter area is found with a wide range of parame-
ters, and it would have implications on the light curves dhtimg NSs, that will differ substantially
from the light curves obtained with a typical hot polar capdelo

4. Comments on the spin-down age of NSs

Another aspect that should be reconsidered when we try todiirg curves to explain ob-
servations is that for many objects the age is calculateu fiee measurements of the rotational
periodP and its derivativé®. Thespin down aggtsq = P/ZP, is derived assuming that the lose of
angular momentum is entirely due to dipolar radiation frogoastant (in time) magnetic dipole.
In the case of a decaying magnetic fidig, can seriously overestimate threie age t A simple
algebra shows that in the case of purely Ohmic decay

t — Lonm, <1+2 fsd > 4.1)
2 Tohm

In the case that a Hall-induced fast decay also occurs, E).&sults in a large correction t
as follows:

tsg = Thay f(t) €2/Tom [f (t) — e /Tomm _ THall ¢ (t)In f(t)] (4.2)
Tohm

wheref(t) = 1+ 22 (1— g~'/Tonm). This relation givessq>> t by several orders of magnitude for
t > than, as shown in Fig. 2. Therefore, the cooling evolution timeuwti be corrected according
to the prescription for the magnetic field decay in order tmpare with the observations properly.
A detailed comparison with observational sources is pteseim [10] and is summarized in the

next section.
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Figure 2: Spin down aget{y) vs. true age(t) for a model with magnetic field decay. Results for two
rates(Tonm, THail) are showny10P, 10%) yr (solid lines) and10?, 10*) yr (dashed lines). The grey solid line
representsyq = t, and the short dashed line the purely Ohmic decay wéth, = 10° yr.

5. Comparison with observations

We compare in Fig. 3 our simulations with observational d#t&lSs covering about three
orders of magnitude in magnetic field strength: from raditsars B ~ 10'2 G) and isolated radio-
quiet NSs B ~ 10'® G) to recent magnetar candidat@&- 1014 1> G). The sources considered
here are listed in Table 1 of [10], with the correspondingrefices.

For most NSsB is estimated by assuming that the lose of angular momententirgly due to
dipolar radiation. The dipolar componentBg = 3.2 x 10'%(PP)Y/2 G, whereP is the spin period
in seconds, an@ is its time derivative. In order to work with an homogeneoample, we have
included in the comparison only those objects for wHiels available and the quoted magnetic
field is Bq and discarded those sources for which the magnetic fieldés@d by other methods

The reported temperatures are in most cases blackbody tetapes, except for low field
radio-pulsars for which we take the temperature consistéhtHydrogen atmospheres following
the criteria in [11]. Nevertheless, there are some obj@cighich the estimate is an upper limit for
the thermal component, like the Crab pulsar. This is alsa#ise for some magnetars, which show
large variations in the flux in the soft x-ray band on a timéscéd a few years, indicating that the
thermal component must be measured during quiescencearttiéHuminosity during their active
periods is a result of magnetospheric activity.

The age of a NS is subject to a large uncertainty, but it carstimated by thepin-down age

1For a few radio-quiet isolated N®scan also be estimated assuming that observed x-ray almsofpttures are
due to proton cyclotron lines, but this gives the surfacelfiehich is usually larger than the external dipolar compane
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Figure 3: Cooling curves;Ts vs. corrected spin down agg. Observational sources correspond to Table 1
of [10]. Symbols identify sources with the same order of nedigrfield: squares for magnetars (AXPs and
SGRs, withB ~ 10415 G), triangles for radio-quiet isolated NSs (wBr~ 10'3 G), and circles for radio-
pulsars (withB ~ 10'? G). Open circles denote temperatures obtained from fits tirdtyen atmospheres.

tsq, provided that the birth spin rate far exceeds the presémtafe andB is considered constant
As shown in Sec. 2, if one considers magnetic field detgyseriously overestimates the age
of the simulations. Therefore, we transform the coolingvearto plotTs vs. tgq, to include the
temporal variation of the magnetic field.

In Fig. 3 our results show that the effect of high magnetidfigy ~ 10'41° G, solid lines)
in the cooling is important from the very beginning of the N®lation. The temperature reached
is increased up to a factor of 5 in comparison with a non—mégekmodel and can be kept nearly
constant for about Tyears. The effect of Joule heating is very significant and hedy to explain
why magnetars are so hot [12]: the high temperatures in thg eaoch result in higher electrical
resistivity and in an faster magnetic field dissipation ttedéases the heat in the crust. In this
picture, the thermal evolution of radio-quiet, isolatedd\®uld be represented either by NSs born
with intermediate fields in the range Bf = 103-1* G (dashed lines) or by magnetars in which
the field has already decayed in a timescale=af0°~® years. For intermediate field strengths,
the initial effect is not so pronounced but the star can bé kajpch hotter than non-magnetized

2For some cases an independeinematic agés available, which does not necessarily coincide wggh
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NSs from 16 yr to 1° yrs. For weakly magnetized NSs, radiopulsars itk 1012 G, the effect
of the magnetic field is small (dashed dotted lines) and tlay satisfactorily be explained by
non-magnetized models, with the exception of very old dbj¢c> 10° years), as discussed in
[13].

6. Conclusions

From the results presented here we conclude that the thexokition of a magnetized NSs
is strongly affected by the presence of magnetic fields. &fhee, studies aimed to disentangle
properties of NSs interior (e.g. EoS, neutrino processes, fer objects withB > 102 G, through
cooling curves should not neglect the (dominant) magnetid &ffects. A first step towards a cou-
pled magneto-thermal evolution has been given in this wodkfature investigations will consider
a consistent evolution including the evolution of the magnigeld geometry.
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