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Abstract
We report on the nearly direct evidence of the evolutionagay of the magnetic fields of normal radiopul-

sars. Adopting a novel, robust timing-based formula forrttagnetic field estimation (see the poster by Biryukov,
Astashenok and Beskin) and considering the subset of 7@nsulath independently known ages (from PSR-SNR
associations as well as kinematic ages) we calculate tlaesders of their apparest(t) dependence. We found a
quite significant trend in the data so thaft) oc t~* asymptotically withuy = 0.21 £ 0.04. This result is unlikely due

to any selectional effects and appear to be well consisténttiie existing theoretical models of pulsars magnetic
field decay.

Introduction

The strength of the magnetic field of a given NS is believecetukarly evolve with time. Its evolu-
tion is generally driven by the Ohmic decay of the electricents which flow in the star crust and/or
core. This idea appears to be very productive for understgrile observational data in hand — the
timing properties, x-ray luminosity and cooling of variayges of highly magnetized neutron stars.

However, more or less direct measurements of NS magnetisfegn be only obtained with the
methods that are based on the accretion and/or emissiorcphiysese methods are applicable only
for a few dozen of high energy sources, typically in binargteyns. At the same time the direct
probing of NS magnetic field decay also requires a confidedtimependent measurements of NS
ages.

Adopting the realistic spin-down law of normal radioputsera formPP o B?(1+sin” a), we have
recently proposed the refined formula for the simple, tirdaged estimation of the magnetic fiékd
of an isolated pulsarsge the poster by Biryukov, Astashenok and Beksin, BAB16 heafter). In
this work we extend and implement this result. SQ}iis the NS spin period, then

log B(P, P) = log Bya(P, P) + AL (M, a) + A, (1)

whereB,,j = 3.2 X 1019V PP Gs, whiIeA](3eOS> IS the correction term depending on the NS ma&s
obliquity o« and adopted equation of state (EOS). The additional t&fns also added here in order
to describe pulsars timing irregularities. It is can be galiassumed that observed spin-down rate
P, = P(1 — ¢), wheres is the variational term. So

A = —log+v1 —e.

In the current work we implement (1) to constrain the surfaxagnetic field for70+ pulsars with
Independently known ages and probe the evolutionary defddwysgparameter.

Objectives

e Collect a subset of isolated radiopulsars with confidentlg imdependently known ages (relative
to the most common spin-down agg = P/2P).

e Constrain their surface magnetic fields using the refinechgrbased estimator (1) and adopting
one of the realistic equations of state.

e Analyze the apparent correlatid# ) for these pulsars and make a conclusion about the evolutior

ary decay of their magnetic fields.
e Compare the appareni(t) cloud with the existing theoretical predictions.

Pulsars parameters

Ages

We have collected:

e The subset of 22 supernova remnants (SNRs) associated avititahpulsars, ages of which have
been discussed in literature. The subset is mostly the datigm of the data already prepared in
[5] and [2] with some extension, including a few other SNRsloPdistributions of the ages of
these pulsars have been suggested to be uniform in theahtegy i, tsurmax)-

e The subset of 36 well-constrained kinematic ages of isdlptdsars (mostly derived in [4]). The
prior distributions of their logarithmic ages have beercdégd with two-sided gaussian represent-
Ing the asymmetric errorsog ty;,, = (log tkm,o>+0+

_O'_'

e The kinematic ages of 18 isolated pulsars derived with logcision (all from [4]). Their priors
have been modeled as uniform on the intef@d ¢y;, o — 1.5,log ty;, o + 1.5) wherety;,, ( is in
years.

So, in total, our list of independently measured ages of abradiopulsars consists of 76 records.

Magnetic fields

Within our research we model the strength of the pulsarsasarmagnetic fields accordingly to the
equation (1). We use the observed spin periBdmd their derivative® as basic observational data,
neglecting the small measurement err@gsando 5.

The information about pulsars masses obliquitiesa and spin-down irregularities have been
iInvolved into analysis as prior distributions of these paggers. ForM and o we use the same
distributions as in our previous research (see BAB16).

In turn, the distribution ofA. over the pulsars population is not so evident. Moreoveemains
unclear whether this correction has to be taken into accauall. Indeed, if the unmodeled timing
irregularities of radiopulsars are the result of the comeolution of either the angle or moment

of inertia I or magnetic fieldB, thenB \/PObSPObS In the strict sense for any moment of time.
Which meang = 0. On the other hand, it has been derived in [1] that

—0.8<e<0.8 (2)

for real pulsars. Therefore, in the calculations below weehadopted the distribution farin three
different ways: (I)e = 0; (Il) ¢ = 0.8siny, where variational phasg ~ uniform(0,27); (Il
e ~ uniform(—0.8,0.8).

The equation of state

The important point is that the formal uncertaim[)ASOS)] of the first correction term in (1) is weakly
dependent on the choice of the equation of state (see BABidged, a given EOS only introduces a

constant bia$A]<3€OS>> to the estimatiorog B(P, P). This bias is common for all pulsars and can not
affect the shape (e.g. a slope) of an apparent correlattwvela the timing-based magnetic fields and
pulsars’ real ages. Although it affects the estimation efdkierage value of the initial magnetic field
log B(0). Therefore, any realistic EOS can be, in principle, adopt#din the probing of magnetic

field evolution of radiopulsars. In orderr t o be concretecafter we adopted the BSk21 equation of

State.
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Figure 1. Left plot: The apparent dependence of the timing-based magneticvadles, calculated within the BSk21
equation of state, on the independent estimation of age$ pulsars. The Bayesian best fit by the phenomenological
model B(t) = By(1 + t/t;)~" is shown by the solid line with corresponding 95% confidenéedfby cyan. The dashed
lines represent-1o,,,;, Of the estimated intrinsic scatter in obsenled B due to different physical parameters of pulsars.
A highly significant evolutionary trend(¢) can be seenRight plot: The results of the Bayesian reconstruction of pos-
terior disributions of the apparent magnetic field decayapaters assuming = 0. The posterior distributions of the
slopea, Iinitial magnetic fieldB,), field decay timescalg; and intrinsic scatter standard deviatio,;; are shown. The
solid-line contours on the 2-d plots represent 68, 95 and @@8tidence areas respectively.

initial log By slopea time logt,; Intr. scatter, ogcatt
[Gs] [yr] [dex]

Variational term

¢ = 0 (shown in the Fig. 1) 12.5 0.2 0.21+0.04 2.9+ 1.2  0.29+ 0.03
e = 0.8sin ¢ With ¢ ~ wi(0,27) 12.440.2 0.20£0.03 2.8+ 1.1  0.204 0.03
& ~ uni(—0.8,0.8) 12.4+ 0.3 0.21+0.07 3.3+15  0.084+0.05

Table 1. Parameters of the Bayesian fit of the appamBt) dependence assuming different models for the variational
termA. in (1)
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Figure 2: Theoretical curves of a pulsar magnetic field decay (red)in@) The phenomenological model proposed in
[3] and calculated for initial magnetic fiel®t, = 10'?, 10?2 and10'® Gs. It assumes quite low amount of the impurities
In the NS crust and the existance of the Hall attractor at émalutionary stagegh) The same model as in the panel (a)
but without Hall attractor(c) The evolutionary tracks from [6] assuming larger amountngburities and calculated for
By = 3 x 10'? and10'? Gs;(d) The same model as in the panel (c) but for even larger impantaramete().

Conclusions

e Using the ages of 22 supernova remnants associated witlgymugsars and 54 kinematic ages of
older sources as well as the refined version of the timingdbastimator of pulsars magnetic fields,
we have found thdbg B of normal radiopulsars decays so ttit) o< t~0-21+-94 asymptotically.

e The ascertained trenB(¢) is consistent with the theoretical models of magnetic fiedday in
normal radiopulsars, especially with those assuming twaalmount of impurities in a NS crust.
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