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1. Introduction

First theoretical estimations of neutron star magneticl§iéglave been obtained from the con-
dition of the magnetic flux conservation during contractidra normal star to a neutron star [36]:

2
Bns = Bs (%i) . (1.1)

For main sequence stellar magnetic fiBlg= 10+ 100 G, and stellar radiugs = (3+ 10)R;, ~
(2+7)10'" cm, we getBns ~ 4 x 10'1 =5 x 10'3 G, for a neutron star radiuR,s = 10° cm. As
shown below, this simple estimation occurs to be in a gootespondence with most observational
data.

Neutron stars are born with magnetic fields comparable ighfields of youngest pulsars.
The youngest and the best studied Crab pulsar PSR 0531+2busg 4000 years old and has a
magnetic field about.3- 10" G. The pulsar in Vela PSR 0833-45 is 10 times older, but hasstim
the same magnetic field. Magnetic fields of some oldest pIB&R 0826-34 (310" years old)
and PSR 1819-22 (3.0 years old) are equal ta4- 102 and 11- 10'? G respectively [57]. The
simple comparison of these data gives the indication to ¢tsvmay be negligible, damping of the
magnetic field due to Ohmic losses inside the neutron statemathis conclusion seems to be
plausible, because in very dense strongly degenerateslaféite neutron star, where the electrical
current, producing magnetic fields could flow, the electranductivity is enormously high, so
in this case we may expect practically no Ohmic damping. &lsésiple estimations had been
confirmed by the detailed statistical analysis of the big@anof single radio pulsars [5], where
the conclusion about low (or negligible) Ohmic damping ofgmetic fields of radio pulsars was
obtained quite reliably. Magnetic fields of different typ#seutron stars are reviewed in [13, 15].

2. Radio pulsars

It is now commonly accepted that radio pulsars are rotatewgron stars with inclined mag-
netic axes. For rotating with angular veloc®y dipole, the rotational energy losses [48, 73] are
determined a& = AB?Q*. The rotational energy i& = 31Q?, | is an inertia momentum of the
neutron star. By measuring & = 2r1/Q and P, we obtain the observational estimation of the
neutron star magnetic field as

, IPP
= 1A

It was shown by [38] that energy losses by a pulsar relaitivisind are important also when the
magnetic and rotational axes coincide, and one may useW&i A = ﬁS, andBys corresponding
to the magnetic pole, at any inclination angle. Magnetid§iedf radio pulsars estimated using
(2.1) with observational values BfandP lay in a wide region between #@nd 133 G [55]. There
are two distinctly different groups: single radio pulsarghwperiods exceeding 0.033 sec, and
magnetic fields between 1and 16° G, and recycled pulsars (RP), present or former members
of close binary systems with millisecond periods and low nedig fields between £and 13°
G. Low magnetic field of recycled pulsars is probably a restillits damping during preceding
accretion stage [20, 22].

(2.1)
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Figure 1: P - P diagram showing the current sample of radio pulsars. Bipatyars are highlighted by open
circles. Lines of constant magnetic field (dashed), charatic age (dash-dotted) and spin-down energy loss
rate (dotted) are also shown. from [51].
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The pulsars with a small magnetic field in the left lower ardgerease their magnetic field during
recycling by accretion in a close binary. see [20, 14].

Soft Gamma Repeaters (SGR) are single neutron stars wétiomal periods 2- 8 seconds
They produce "gamma-ray giant bursts", when their lumiydsin the peak increase-56 orders
of magnitude. Having a slow rotation, and small rotationadrgy, their observed average lumi-
nosity exceeds rotational loss of energy more than 10 tiewes,orders of magnitude during the
giant outbursts. It was suggested by in [32], that the soof@nergy is their huge magnetic field,
2 or 3 order of a magnitude larger, then the average field iio @@dsars. Such objects were called
magnetars [31, 32].

3. Recycled radio pulsars

During several years after discovery of pulsars only simfigcts had been found. It was an
impression, that pulsars avoid binaries. When half (or ewere) stars are binaries, this phenomena
was explained either by pair disruption during supernoyaasion leading to pulsar formation, or
by absence of SN explosions at the end of evolution of stackse binaries [87].

Detailed analysis of the fate of close X-ray binaries in lmass systems, namely Her X-1,
was done in [20], and the conclusion was made that evolutiguch system will be ended by
formation of a non-accreting neutron star in close binargictv should become a radio pulsar.
It was shown, that neutron star rotation is acceleratechdudisk accretion stage, so the second
time born (recycled) radio pulsar should become visibleyioled it has a magnetic field similar
to other single pulsars. Absence of radio pulsars in closarlds, in spite of intensive searches
could be explained by the only reason: during accretionestag magnetic field of the neutron
star is screened by the inflowing accreting gas, so the redymllsar should have ~ 108 — 10%°
G, 2-4 orders of magnitude smaller than average field stneafjradio pulsars. Discovery of
the first binary pulsar [41], and subsequent discovery ofentiban 100 recycled pulsars [51, 56]
had confirmed this conclusion: all recycled pulsars havellsralues of magnetic fields, as was
predicted in [20].

A simple estimation of the magnetic field screening duringretion had shown a large po-
tential possibility of such process. It was estimated ir] fh@t in absence of instabilities leading
to penetration of the infalling plasma into pulsar magnetese, the pressure of the accreting gas
exceeds the magnetic pressure of the dipole Bith 10'? G. already after one day of accretion
at subcritical accretion rate 1®M_./year, and the original magnetic dipole is completely gdave
under a plasma layer, and currents in the plasma prevennheakigppearance of stellar magnetic
field. In reality the instability and gas penetration thrbuge magnetosphere make the screening
process much slower, and when the penetration layer redglobesirface of the star the external
magnetic field strength of the neutron star could reach tit@sary state.

From the statistical analysis of 24 binary radio pulsarswéarly circular orbits and low mass
companions, it was discovered [90] a clear correlation betwspin periodP, and orbital period
Porb, @s well as between the magnetic field and orbital periodsgsyberiod and magnetic field
strength increases with the orbital periodPgt > 100 days, and scatters arouRgh 3 ms andB ~
2-10° G for smaller binary periods. These relations strongly ssgthat an increase in the amount
of accreted mass leads to a decay of the magnetic field, arudtarii field strength of about £0G
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is also implied. Several models of magnetic field screeniming accretion had been considered,
see [27, 28] and references therein. Evolutionary aspddisrmation of recycled pulsars are
discussed in [20, 89], and summarized in [4]. Several seehad been analyzed in [20, 89] for
the evolution of binaries, massive enough to produce th&oestar or black hole in one or both
remnants. During the evolution such stars go through stafjddferent nuclear burning, which
are ended by formation of carbon-oxygen white dwarf, or eenls until formation of the iron -
peak elements core, which collapses with formation of therpa star or a black hole. The first
born relativistic star (neutron, or black hole) goes thitotige stage of an accreting binary X-ray
source, and the evolution of such system is finished aftepeedblution of the second component,
and the end of accretion. During the evolution of massiveelbinary there are possibilities of
a disruption of the binary after the first or the second cslgpvhich may be accompanied by
explosion with large mass ejection, or by a kick due to anigytin a mass ejection or in neutrino
flux. It was nevertheless concluded in [20], that "evolutignanalysis cannot exclude formation of
close binary, containing neutron star, and another staheteist evolutionary state (white dwarf,
neutron star, black hole). Contrary, this analysis indisab formation of such binaries at the end of
evolution of sufficiently massive systems with a large philits." Same conclusion was obtained
in [89]. The absence of discovery of binary pulsars in 1973 waambiguously explained in
[20] as follows: "The absence of radio pulsars in close li@samay be explained if we suggest
additionally, that magnetic field of the neutron star is dathguring accretion stage™

The probabilistic conclusion about formation of radio pussin close binaries was definitely
confirmed in [20] by the analysis of the evolution of one of thest learned X-ray pulsars Her
X-1. The component of the neutron star in this system is a lagsrstar which will end its
life by formation of the white dwarf, when the pair cannot &rdpted. On the other hand, during
accretion the neutron star acquires a rapid rotation, amagtshown in [20], that during the process
of termination of accretion the neutron star - X-ray pulsanrmt follow the stationary period,
increasing with decreasing of the the accretion Mteand after the end of accretion will remain
to be rather rapidly rotating neutron star with a period &f ¢inder, or smaller than periods of the
known radio pulsars. So, the only explanation of absencenairp radio pulsars in to 1973 year
remains their faintness, connected with low magnetic field.

The first proof of this conclusion came soon by discovery effttst binary radio pulsar PSR
1913+16 [41]. This pulsar was a rapidly rotating with a peri059 s in the close binary with
a period 745™. Just after the discovery | have identified this object wité old recycled pulsar
with low magnetic field [9]. Measurements [86] of the peritidativeP, which gave possibility to
estimate the age of this pulsae 1 ~ 10° years, and magnetic fiell~ 2- 10'° G had proofed this
identification. Among more than 100 recycled pulsars mofaib consist of a neutron star with
low mass white dwarf companion, and the systems with twornautars, like in PSR 1913+16 are
in minority. Double-neutron-star (DNS) binaries are ramaly ~ 10 such systems are known. All
recycled pulsars, with white dwarf or neutron star compasidave magnetic fields 40- 10,
so the hypothesis about field damping on the accretion styassto be correct.

Another convincing evidence in favor of magnetic field gravduring accretion appeared by
discovery of the first binary system, containing two raditspts. The radio pulsar JO733039A
with 23-ms period was discovered, which was found to be iMeh2.eccentric orbit with another
compact object that the observed orbital parameters steghess another neutron star [26]. The
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2.8-sec pulsar J07373039B was discovered [56] as the companion to the pulsar73eEE39A

in a highly-relativistic double-neutron-star systempwaiing unprecedented tests of fundamental
gravitational physics. The short orbital period and conipess of the system, and the high timing
precision made possible by the large flux density and nartdgedeatures of this pulsar promise to
make this system a superb laboratory for the investigatioalativistic astrophysics. The resulting
in-spiral will end in coalescence of the two stars in aboutMBp This discovery significantly
increases the estimates of the detection rate of DNS ialsgiy gravitational wave detectors [26].
The clock-like properties of pulsars moving in the grawitaal fields of their unseen neutron-star
companions have allowed unique tests of general relatityprovided evidence for gravitational
radiation.

The properties of these pulsars fit very well the evolutigrerheme of formation of binary
pulsars from [20]. According to this scheme the 23 ms pulsal d&ccelerated its rotation during
accretion, when its magnetic field was decreased due torsogeef the accreting material. The
second 2.8 s pulsar was born later in SN explosion, which didlisrupt the pair. Therefore, ms
pulsar should be older, and have weaker magnetic field. thd2&ms pulsar haB = 6.3 x 10°
G, and characteristic age= 210 My; and 2.8 s pulsar h&= 1.6 x 102 G, andt = 50 My [56].
The masses of neutron stars in this binary are estimate@4¥/1, for 23 ms, and 1.25 M for 2.8
S pulsars.

3.1 Magnetic field damping during accretion

Accretion induced Ohmic heating and dissipation have beegstigated in many works (see
i.g. references in [29]). This mechanism may work only if thagnetic field is produced by
electrical current in the outer layers of the accreting reeustar, which may be heated during
accretion. Evidently, the highly degenerate neutron sieg s not sensible to this heating and will
preserve its very high conductivity. Therefore magnetildfieriginated by deep inside electrical
currents may become weaker only due to screening by thdimgfallasma during accretion [20].
Different models of magnetic field screening during acoretiave been considered. It is usually
accepted that matter is channelized by the dipole magnetlitdnd flows to the magnetic poles of
the neutron star [19, 2]. As the magnetic field of the neuttandecreases because of the screening
due to accreting material, it is less able to channelize ticestion flow and thereby the polar cap
widens. One can easily find out how the angular wigtof the polar cap depends on the surface
magnetic fieldBs of the neutron star (see, for example, [81]). The field lirststg from 6p at
the surface of the neutron star, with a radiyss the last closed field line of the dipolar field and
passes through the Alfvén radiys. It easily follows that

o\ 12
sinep=<—s> . (3.1)

ra
Assuming that the ram pressure of the freely in-falling eiog material at the Alfvén radius
equals the magnetic pressure, a few steps of easy algelerasg® e.g. [50]

ra = (2GM) Y7 2 7gY Tv-2/7, (3.2)

whereM is the mass of the neutron star adthe accretion rate. It follows from (3.1) and (3.2)
that
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2/7

sinGp 0 Bs (3.3)

This is how the polar cap widens with the weakening magnetld fintil 6 becomes equal to 90
when (3.3) obviously ceases to hold. On takMg= 10°3 gm, M = 10 %M., yr 1, rs = 10 km,
Bs = 102 G, we find from (3.2) thata ~ 300 km. Substituting this in (3.1), we conclude that the
initial polar cap angle is of order 10

The accreting materials falling through the two polar capa thorizontally towards the equa-
tor in both the hemispheres. At the equator, the opposingnmaét flowing in from the two poles
meet, sink underneath the surface (inducing a counter-flodenneath the equator-ward flow at
the surface) and eventually settle radially on the neuttanore. With a suitably specified flow
having these characteristics, it was studied kinemagidéall45, 30] how the magnetic field evolves
with time, taking into account the fact that the polar captivichanges with the evolution of the
magnetic field, thereby altering the velocity field also. #sfound in the simulations [30] that the
equator-ward flow near the surface is quite efficient in mgyhe magnetic field underneath the
surface. However, when the polar cap opens tg 8 accretion becomes spherical and radial. It
is found that such accretion is not efficient in burying thegmegtic field any further. The magnetic
field at the surface of the neutron star keeps decreasinghmpolar cap opens to 90after which
the magnetic field is essentially frozen, since the radiatetmn cannot screen it any further. If
6p; is the initial polar cap width, then it follows from (3.3) thilae magnetic field would decrease
by a factor(sin 90"/ sinfp;)7/2 from its initial value before it is frozen to an asymptotidue On
taking Bp; in the range 5-10°, this factor turns out to be about®a.0*, exactly the factor by which
the magnetic fields of millisecond pulsars are weaker coathty the magnetic fields of ordinary
pulsars.

Put another way, the magnetic field freezes when the Alfvéliusabecomes equal to the
neutron star radius. The asymptotic value of the surfacenatagfield can be found directly from
(3.2) by setting a equal torg, which gives

On using the various standard values mentioned before, @B fimp~ 10° G. When the magnetic
field falls to this value, it can no longer channelize the aton flow, resulting in the flow becoming
isotropic. Such a flow is unable to screen the magnetic figjdanther. After the accretion phase
is over, the neutron star appears as a millisecond pulshrtiig magnetic field. This could be the
reason why millisecond pulsars are found with magnetic diellorder 18 G, see e.g. [54]. A
schematic picture of the plasma flow, magnetic field strestand electrical currents is given in
Figs. 2,3.

Note that the accretion flow in the polar region of a magndtizeutron star is sensitive to
various magneto-hydrodynamic instabilities and it is diffi to make an assessment of the effec-
tiveness of screening without a full three-dimensional potation which is yet to be attempted.

A simple analytical model of the magnetic field screeningitompressible fluid approxima-
tion was considered in [27, 28]. It was found a very rapid dase of the magnetic field in the
polar cap during a time scale
Tp ~ 10°M(mg/103My,) years, wheramg = (Basymp/Bo)* "Mer With Basymp from (3.4), initial
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Figure 2: Diagram of the poloidal cross-section of the accretion dis#l funnel flow. B is the poloidal
magnetic field, B is the toroidal magnetic field,pJs the poloidal current density, ang is the poloidal
component of the funnel flow velocity. The dotted circle esgants an arrow out of the page, while the circle
with the plus sign represents the opposite direction. Thé dots indicate a high plasma density, from [54].

magnetic field of the neutron stBp, and mass of the crud, = 0.03Myq4o:. Here the polar mag-
netic field is tending to the same asymptotic value (3.4), daalopment of instabilities should
decrease also the equatorial magnetic field to similar galue

It was noted in [22], that "magnetic fields buried during intize accretion may start to "perco-
late" outside after the end of accretion”, what could insesthe magnetic field of recycled pulsars
with time, see also [69]. Some estimations of the field petamh outside have been done in [72].
The authors considered cases with very rapid field increasaalpercolation during £0- —10*
years, up to the initial value which the neutron star hadeeioe start of accretion. Evidently, this
conclusion is in contradiction with observation, becauteeaycled pulsars which could be very
old, even up to 18 years [51], have equally small magnetic fields. This comttamh is connected
with the artificial model considered in [72], where the péaition was started from the depth not
more than 260 m, corresponding to the accreted materiatiass- 10-°M.,. The conductivity in
the outer crust of the neutron star could be small enoughrtoipsuch a rapid percolation. Actu-
ally, during the accretion phase lasting’ £010° years the amount of the accreted material is much
larger, the magnetic field is buried to much deeper layefs mitch higher conductivity. Therefore
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Figure 3: Magnetic field lines of a screened star (solid lines) witleéhmodes &t/ty = 0.85. The dashed
lines are for the initial, pure dipole field. The thicker lirsethe centroid of the funnel flow. It is clear from
this figure that the field of the star is markedly changed byatteretion. Herey is the time of the field
decrease to the stationary state, which is of the order d§&ars, from [54].

the outward percolation of the magnetic field in the recygel$ars should be negligible.

4. Neutron star evolution in close binaries

During accretion stage, the neutron star in the close biisarisible as X-ray source, namely,
X-ray pulsar. At the end of the companion evolution in HMXBigH mass X-ray Binary) we
expect formation of NS+NS binary, or binary with NS+BH (nafserved yet), or the binary could
be disrupted at the explosion of the companion star.
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In LMXB (Low Mass X-ray Binary) the accretion stage is stdriso as X-ray source@
X-ray pulsar, but the evolution of the low-mass star is vdows so recycling, and accretion-
induced decrease of NS magnetic field to its asymptotic VBlggnp~ 10° G happens first, and
NS becomes as X-ray bursting source, where the recycledpislisible continuously, or only
during the outburst [91, 92]. At the end of evolution of LMXBrapidly rotating neutron star
appears with low magnetic fiekd 10° G. Concentration of LMXB in Globular clusters indicate to
their formation in tidal captures, or in triple encounte28]|

4.1 Formation of single recycled pulsars. Enhanced Evapotsn

The most rapidly rotating stars (ms pulsars) are originaethe end of LMXB evolution.
Considerable part of ms recycled pulsars are single, soubstign arises: how NS loose its low-
mass companion? One of the possibility is an evaporatiooveirhass companion by pulsar beam
what was suggested after discovery of eclipsing recycldub aulsar [35, 44], but statistical prop-
erties did not confirm it. The concentration of the recycledsars (RP) to the globular clusters
(GC), about half of RP from the total number200 are situated in GC [51], is very similar to
the distribution of low mass X-ray binaries (LMXB). Takingtd account, that presently the total
relative mass of GC in Galaxy is about f0and about one half of LMXB are situated in GC,
the relative concentration of LBXB in GC is 1000 larger tharthe Galaxy [83]. The similarity
of distributions of LMXB and RP may be considered as anothi&esmce to their genetic relation
[20, 22, 78]. According to [51] there are 45% of single RP in GC , and only 16% of single RP
in the galactic bulge . This evident statistical differenugicates that not only birth of LMXB, but
also the disruption of the binaries are connected with dtsléar encounters, which are much more
frequent in GC than in the bulge [11]. It was suggested in,[ftidt single RP in the bulge could
be the remnants of the completely evaporated GC, same anigynhave also LMXB of the bulge
[23]. Numerical simulations made in [76] have shown thaygdirs with large orbital periods 10
- 100 days could be destroyed by close stellar encounteislinigr clusters. However, it follows
from observations [51], that RP are usually members of mimsecbinaries. The solution of this
problem may be done by the mechanism of "Enhanced Evapotdft), suggested in [12].

It was shown theoretically in [39] and confirmed later by nuce experiments [1], that
stellar encounters of stars with close binaries lead toggrextraction from the binary and heating
of the cluster field stars. Contrary to that, collisions vdtiificiently wide binary lead to its father
widening, and finally to its destruction. This property itepreted very easily. The kinetic energy
exchange between stars during encounter is determinedebywtiocities, almost independently
on their single or binary origin. Relaxation processes @@t encounters lead to establishing of
equipartition of energies of all stars. It means, that sti#in \mrger kinetic energy lose it, and the
one with smaller energy gain it. For single stars it wouldlléa real equipartition, so that stars
with larger energies in average loose it, but another reakéis place if one of the encountering
objects is a close binary. In close binary star is rapidlgtiog on the orbit. If this rotational energy
exceeds the average kinetic energy of stars in the clultge is an average energy transfer to the
field stars. When the star in the binary loose its kinetic gyets orbit is changing in such a way
that is starts to rotate faster than before, and the pairrbesdighter. The binary has an effective
negative heat capacity, in accordance with the virial teeof48] in the binary system. The net
loose of the energy by the pair leads to acceleration of thigabmotion. When tight binaries are
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formed in the GC, they could destroy it during time less tHandosmological one, so the LMXB
and single RP in the bulge could be formed in such a way.

The situation is quite different, when one of the degenarsebers in the close binary fills
its Roche Lobe. Let isolated binary contain a neutron sté#r wimasdvl;, and a degenerate dwarf
with a masdVly. When the dwarf fills its Roche lobe, the radius of the dviRyfs connected with
a distance between stellar mass cenfgpsby a relation [74]

1/3
Ry = R1234—2/3 (%) , M =Mi+Mg. (4.1)
For white dwarfs with an equation of state valid in small méwsirfs the equilibrium models had
been constructed in [93]. The radius of a degenerate dwaréases with decreasing of its mass
until very low masses, when repulsion effects may changedbpendence. Gravitation radiation
leads to loss of the angular momentum of the system, andttri@sake the binary closer, but
approach of the dwarf to the neutron star induces a masddran$ we suggest that the dwarf
fills its Roche lobe, which radius coincides with the dwadivs, than due to mass transfer dwarf
mass decreases, its radius increases with the Roche labe,radd the binary is becoming softer.
Evolution of such binary under the action of a gravitatiorsaliation was calculated in [12]. It was
obtained that during a cosmological time= 2- 10'° years the mass of the carbon dwarf reaches
0.0029M,. At that time the period of the binaly reaches about.3 hours,

2nRY? onRy)?

= = 4.2
(GM)Y/2 \/2GMyg’ (4.2)
and the dwarf velocity in the binary
1/2
2MRy, V2 [ GM2/3ML3
Vg = 5 :32/3< Ry , atMg < M. (4.3)

The pair becomes soft, and would be destroyed by close etersunith the field stars when the
kinetic energy of the dwarf in the binary is less than the agerkinetic energy of the field stars:
va$ > Mdvg. For globular clusters 47 Tuc ardCen the corresponding velocities are 10.3 and
16.8 km/s, and masses are equal #®/M. and 051IM., respectively. According to calculations
[12], the pair in these GC is becoming soft, when the dwarfaresomes less than 60~* and
9.10* respectively. These masses are several times less thaw#nrerdass after cosmological
time, and to reach these masses one needs about 10 cosmblivges.

It was shown in [12], that stellar encounters of the fieldssteith "hard" pairs, when the binary
loose its energy and momentum, act similar to the gravitatioadiation. They make the hard pair
even harder, but when the dwarf in the pair fills its Roche &ih encounters make the pair softer.
When the encounters with the field stars are effective entlugghmay transform the hard binary
in the state of the mass exchange into the soft one, whichdmoeildestroyed directly by close
encounters. This process was called in [12] as "enhancqmbeation”. For the estimation of the
momentum relaxation timg,, we use the expression [84], which is valid for stars with camaple
masses, because in the close binary the centrum mass matiotake the extra momentum

10
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v
 AnG2MZns A’
Here Coulomb logarithm\ ~ 10, n; is the average density of the field stars. With account of) (4.3

the characteristic encounter time, which determines the tf the pair destruction due to EE is
written as

(4.4)

Tm

~ 12, MMy
Tm~ 10 - c. (4.5)
Here smallm determine masses in solar unitgg = n¢ /107> cm™3. The approximate relation
for dwarf mass - radius relation is used, which is valid fog fdeal fermi gas starfR = 7.6-
108m;1/ 3, Everywhere carbon dwarfs witla, = 2 are consideredye is the number of baryons
per one electron. Following the evolution of the pair duertoaeinters it was found in [12] that in
order to destroy the binary due to EE process the field staityeshould exceed

mo/11

mg
The central parts of the most dense GC, where single recyciksars are concentrated, like M15,
satisfy this demand. So, EE process is probably resporfsiblae formation of the single RP in
GC, as well as in the bulge, where they could find themselvies tife evaporation of the whole
GC. Note, that binaries with the hydrogen-helium brown dsvare destroyed easier due to EE
[12], with the coefficient 2 instead of 3 in (4.6).

n>3.-10° pc 3. (4.6)

5. Magnetic fields of NS in X-ray binaries

There are several ways to estimate observationally magfietdl of an X-ray pulsar. Dur-
ing accretion matter is stopped by the magnetic field at theemikc surface, where gaseous and
magnetic pressures are in a balance. At stationary staterl@pangular velocity of the accretion
disk at the alfvenic surface is equal to the stellar angutdmoity [75] Qx = Qs = Qa. Otherwise
neutron star would be accelerated due to absorption of maitke large angular momentum, or
decelerated due to throwing away matter with additionalulargnomentum [43]. X-ray pulsars
may have spin-up and spin-down stages [6], but most of thew slverage spin-up, what indicate
to their angular velocity being less than the equilibriune.oithis is observed in the best studied
X-ray pulsar Hex X-1 [82, 33]. Analysis of spin-up/down plemena in the X-ray pulsars indicate
to important role of the mass loss [52], and to stochastgimf spin-up/down transitions [53].

For a given luminosity.zs = L /(10%%ergs/s) and dipole magnetic field at stellar equBigr=
B/(10'°G) we get the following value of the equilibrium period [5@9r the neutron star mass
Ms = 1.4M.,, when a stellar rotational velocity is equal to kepleriatational velocity at Alfven
radiusra from (3.2)

6 -3
Poq~ 2.6B2 L', (5.1)

This formula was derived for a disk accretion model, indeleerly on a description of the viscos-
ity. For Her X-1 parameterkzs = 10, P = 1.24 s, we get a magnetic field corresponding to the
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equilibrium rotationB‘jg ~ 1. Taking into account the average spin-up of the pulsar inHg, we
may consider this value as an upper limit of its magnetic fiElen more rough estimations of the
magnetic field in X-ray pulsars follow from the average spjnrate under conditiodo; = M Qa,

or restrictions on the polar magnetic field value followimgrh the observed beam structure and
condition of local luminosity not exceeding the critical diisigton one. These conditions lead to
smaller values of the magnetic field of Her X-1 on the levél 2010 G [20, 21, 8].

Observations of low mass X-ray binaries (LMXB) indicate &vylow values of their magnetic
fields. Modulation of X-ray flux permitted to reveal the rabaal period of the neutron star in the
LMXB SAX J1808.4-3658 corresponding to the frequency 401dde to RXTE observations (see
reviews [91, 92]). This observations fill a gap and form a levagting link between LBXB and
recycled millisecond pulsars [78], as neutron stars witly i@v magnetic field (up to 10G).

The most reliable estimation of the magnetic field of the XspuHer X-1 comes from detailed
observations of the beam variation in this pulsar on diffestages, made on the satellites ASTRON
[82], and GINGA [33] and RXTE [80]. This pulsar, in addition 1.24 s period of the neutron star
rotation, is in a binary system with an orbital period 1.7 €lagnd shows a 35 day cycle, where
during only 12 days its luminosity is high. During other 23yglats X-ray luminosity strongly
decreases, but small changes in the optical luminosity eiodgsreflection effect indicate, that the
X-ray luminosity remains almost the same during all 35 daglecyVisible decrease of the X-ray
flux is due to an occultation phenomena. The model which expkatisfactory the phenomenon
of the 35 day cycle is based on the precession of the accrdisanwith the 35 day period, and
occultation of the X-ray beam during 23 days. Analysis of bleam structure during high and
low X-ray states lead to the conclusion, that during the léateswe observe not the direct X-
ray flux from the neutron star, but the flux, reflected from theer edge of the accretion disc.
This conclusion is based on the 180deg phase shift betweeX-tlay beams in high and low
states [82, 33, 80]. In order to observe the X-ray flux refliédétem the inner edge, situated near
the Alfven radius of the accretion disc, it cannot be verydaray from the neutron star. The
estimations give the upper limit to the ratio of the Alfverdastellar radiuses

A <20 (5.2)

The schematic picture of the accretion disc and its innee exdggntation around the neutron star
at different stages of the 35 day cycle is shown in Fig.4,rdkem [82]. As was indicated above,
the value of the Alfven radius is determined by the neutr@m stass(Ms = 1.4Ms), mass flux

M = 3 x 10 g/s, corresponding to the luminosity= 10°7 ergs/s, and the value of the magnetic
field. Taking dipole radial dependence of the magnetic fetel Bs(rs/r)2, and neutron star radius
rs = 10° cm, we obtain the ratio in the form/rs ~ 30(]3‘1%7. To have this ratio not exceeding 20
we get an inequalit < 3x 101° G.

It was found in [88] a feature in the spectrum of Her X-1 at giess between 50 and 60 keV.
Interpreting it as a cyclotron line feature accordindg=so= %E leads to the value of the magnetic
field Beyel = (5—6) x 10'?2 G, what is much higher than any other above mentioned estinsat
Spectral features had been observed also in other X-ragesfiuiRecent observations on RXTE
[40], and Beppo-SAX [79] of the pulsating transient 4U 0183-had shown a presence of 3 and
4 cyclotron harmonics features, corresponding to the ntagfield strength of 13 x 1012 G. A
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Figure 4: Configuration of the inner edge of the disk and the neutron stutron star and the disk in the
"high-on" state (left top box), and in the "low-on" stategfrt bottom box), from [82].

comparison of the shapes of the beam in cyclotron harmon&sha used for testing the nature
of these features. Cyclotron features had been observesl@red X-ray sources [71], and they
always had corresponded to large values of magnetic figgls > 10*? G. Such situation was
not in good accordance with a well established observdtiaics that all recycled pulsars, going
through a stage of an X-ray source, have much smaller magfielils, usually not exceeding
~ 10 G. Particularly, for the Her X-1 the value of its magneticdidbllowing from the cyclotron
interpretation of the spectral feature, was in contragiictivith all other observations, including the
most reliable, based on the beam shape variability duringa3=cycle.

6. Relativistic dipole interpretation of the spectral feaure in Her X-1

It seems likely that this conflict is created by using the nelativistic formula connecting cy-
clotron frequency with a value of the magnetic field. Accogdio [19], ultra-relativistic electrons,
with a temperature- 101K, may be formed in the non-collisional shock during accretamitting
a relativistic dipole line. The mean energy of this line isdmened and shifted relativistically, in
comparison with the cyclotron line, by a factor of 2 ﬁ']‘—; The spectrum profile of the relativistic
dipole line is calculated in [3] for various electron dibktrtions, where the model of the hot spot
of Her X-1 is considered, and it is shown that the overall ol X-ray spectrum (from 0.2 to
120 KeV) can arise under the fields nearl8'° G which are well belovBgyc, and are not in the
conflict with other observations.

According to [37, 7], in the magnetic field near the pulsarditess component of a momentum
of electrons is emitting rapidly, while the parallel velgyciemains constant. Hence the momentum
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distribution of the electrons is anisotropi¢ < pﬁ, with p; < mg p; > mc

Accretion flow

< Corona Ts =1 KeV
T. =8 KeV
n.s. Surface 14
‘.A‘.A‘.‘.A Te =
0 4> << 4> 4
'::'OA‘VO‘VO" 008 Ee, o= 20 MeV

Inl A Alfven surface,
reradiation

»

0,6 KeV 10 Kev InE

Figure 5: Schematic structure of the accretion column near the magnele of the neutron star (top), and
its radiation spectrum (bottom), from [15].

In order to obtain the whole experimental spectrum of the Xiérthe following model of the
hot spot (Fig.5) was considered in [3]. A collision-lessahwave is generated in the accretion flow
near the surface on the magnetic pole of a neutron star.slfriht the ultra-relativistic electrons
are generated. Under the shock there is a hot turbulent zitine temperaturd,, and optical depth
Te, Situated over a heated spot with a smaller temperatureeoautiace of the neutron star. The
whole X-ray spectrum of pulsar Her X-1 from [66] is represehin Fig.6 by the solid line. There
are three main regions in it: a quasi-Planckian spectrumdszt 0,3 and 0,6 KeV, that is generated
(re-radiated) near the magnetosphere of the X-ray pulsameplaw spectrun{0.6 =+ 20) KeV
with a rapid decrease at 20 KeV, and the "cyclotron" featiitee power-law spectrum is a result
of comptonization in the corona of a black-body spectrumttehiby the stellar surface.

The comptonized spectrum has been calculated accordirgbio Betting the neutron star
radius equal to 10 km, distance to the X-ray pulsar 6 kps, pottareaS= 2- 10'? cn?, the best fit
was found afls = 1 keV, T, = 8 keV, 1o = 14, which is represented in Fig.6 by the dashed line.

The experimental spectra taken from [70, 66] was approxachal he last spectrum (solid line)
and its fitting (dashed line) are shown in Fig.6. The best fitle line shape was obtained in [3]
at the magnetic field strengB= 4-10'° G. In this model the beam of the "cyclotron" feature is
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Figure 6: Comparison of the observational and computational X-ra&gcsp of Her X-1. The solid curve is
the observational results taken from [66], the dot curvlésapproximation witfTs = 0.9 KeV, Te = 8 KeV,
Te=14,B=4x 100G, from [3]

determined by the number distribution of the emitting relstic electrons, moving predominantly
along the magnetic field, over the polar cap.

The observations of the variability of the "cyclotron" linare reported by [71]. Ginga detected
the changes of the cyclotron energies in 4 pulsars. The eharag much as 40 % in the case of 4U
0115+63. Larger luminosity of the source corresponds tdlsmaverage energy of the cyclotron
feature. These changes might be easily explained in our Inddee velocity of the accretion
flow decreases with increasing of the pulsar luminosity bsedocally the luminosity is close
to the Eddington limit. As a result the shock wave intensitgps as well as the energy of the
ultrarelativistic electrons in it's front, leading to dease of the relativistic dipole line energy.

6.1 Polarization properties of magneto-dipole X-ray lines

The polarization properties of relativistic magneto-dép@diation (RDR) in comparison with
the cyclotron one are considered in [25], following [34].rFee cyclotron radiation the angular
distribution of the radiation power and polarization least given in Figs.7,8. The radiation of the
relativistic electron with a factoy, moving in the direction of the angle zero, is anisotropiad a
concentrated inside the andle~ 1/y around the velocity vector. When the angular resolution of
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the X-ray detector is worse thar/ @, the whole relativistic magneto-dipole radiation is dé&tec
during the time when the beam is directed to the observes Gémm contains simultaneously the
circular and linearly polarised photons, contrary to thel@yon radiation, which produces a purely
circularly polarised beam. the beam radiation is not mormolatic, with the spectral distribution
shown in Fig.9.

L
7
1

= - — Total radiation
Linearly polarized component
= = Circularly polarized component

- bl

Figure 7: Angular distribution of cyclotron radiation polarizaticomponents, arbitrary units are used, from
[25].

Measurements of polarization of the X ray feature in Her Xlldalarify its nature. Electrons
with narrov momentum distribution across the magnetic fieldl have in the direction of the
magnetic polef = 0, the following polarization properties [25]. The lingadolarized part of the
radiation in the beam is equal RDR ~ 0.356. The circularly polarized part of the beam radiation
in the same directiorf = 0, has different sign in the wavelength interv§%< Ww<yjwg (0<x<
1), andwsy| < w < 2yjws (1 < X< 2),X= V\%B The circularly polarized part of the radiation at
lower frequencies is equal DR ~ 0.418 (0< x < 1), and at higher frequend¥DR,, ~ 0.707
(1 < x < 2), with opposite sign of polarisation. The polarizationttod monochromatic cyclotron

line in the directiond = 0 is 100% circular, see Fig.7. In the RDR model the radiatoohds a
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Linear polarization degree
= = Circular polarization degree

Figure 8: Angular dependence of the linear and circular polarizadiegrees of cyclotron radiation, arbitrary
units are used, from [25].

spectrum, shown in Fig.9 with maximum at= 2yws. It may correspond to the width of the
observed feature [88].

7. Magnetic fields of soft gamma repeaters

Soft gamma repeaters (SGR) are slowly rotating neutronsitr periodsP = 2—8 s. They
are characterised by violent behaviour, with X-ray aady outbursts. The number of SGR is
about 10 objects, and in 4 of them short giant bursts have @iesgrved with harder spectrum, and
10* — 10° times larger luminosity. The periods of SGR increase wittetibut the rate of the loss of
rotational energy is much less than the average luminositiyese objects. The additional source
of energy in the form of magnetic reconnection was suggd&&d32], in which the strength of
the magnetic field should be ¥0— 10'° G, what is much higher than the average magnetic field
of radio pulsars. These objects have been called as magnetar
The pulse shape is changing from one epoch to another, imgl@crors in finding derivative of
the period. The big jump iR, visible in Fig 12 looks out surprising. for magnetic diptdsses,
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Figure 9: The frequency distribution of energy in the RDR line, frord]2

because it needs a considerable jump in the magnetic fiedgilr, prohibited by self induction
effects. Contrary, in the model of a pulsar wind rotationargy losses it looks quite reasonable,
that these losses strongly increase during the giant buingtn theP jump was observed [16].

7.1 Giant bursts

Giant bursts had been observed in four SGR sources, wherediielpminosity increased 4
éA$ 6 orders of magnitude. In presence of slow rotation, amdrbtational energy, even average
observed luminosity exceeds rotational loss of energy riane 10 times, and orders of magnitude
during giant outbursts. The energies emitted in the giardtbuin the four SGR, during a time not
exceeding few hundreds of seconds, have values

1. The giant burst from the source SGR 0526-66 in Large Mage(@loud was discovered by
Mazets et al. at 5 March 1979, with total energy exceedintp? erg [59, 60].

2. SGR 1900+14 was discovered by Mazets et al. in 1979 [58&nf@Gurst happened at 27
August 1998, with total energy exceedinglD*® erg [64, 65]).

3. SGR 1806-20 was observed by Mazets et al. in 1980 [61, 6d]was identified as SGR in
[49] (Giant burst happened at 27 December 2006, with tottggn
~2-10% erg [61, 62]).

4. Semi-giant burst SGR 1627-41 was discovered by BATSE aut8 1998, with total energy
~ 10* erg [46, 63].
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Figure 10: The epoch folded pulse profile of SGR 1900 + 14 (2-20 keV) ferltay 1998 RXTE observa-
tions, from [47].

7.2 Estimations of the magnetic fields in SGR

Despite the fact, that rotation energy losses are much sntakhn the observed luminosity,
for an estimation of the magnetic field strength in theseatbjthe same procedure was used, as in
radio pulsars, based on measurement® ahdP, and using (2.1). The measurements have been
done for SGR 1900 + 14, in different epochs, using data franstiellites RXTE and ASCA [47],
which are presented in Figs.10-12. The drastic change ipulse shape is leading to big errors in
the derivative of the period, so the magnetic field in thisobjvas estimated 48 + 8) - 10** G.

The radio pulsars, where the value of the magnetic field issavea more precisely, may rotate
slowly, have very large magnetic fields, but show no diffeeein their behaviour in comparison
with other radio pulsars. These are radio pulsars with nredstmagnetar” fields, up to 10G:
PSRs J1847-0130 and J1780-37184 [67, 68].

From another side, the source SGR 0418+5729 was detectied Xritay observations, and it
was concluded that its dipolar magnetic field cannot be grelaan 7510 Gauss, well in the range
of ordinary radio pulsars, implying that a high surface tfpaonagnetic field is not necessarily
required for magnetar-like activity in [77].

Rotation energy losses are much less than observed luityimoSGRs, so estimations of the
magnetic field strength, using highly variable value®d not a correct procedure. JumpsHnin
the pulse form are not seen in in any radio pulsars. But iser@éP, due to increase of magnetic
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Figure 11: The epoch folded pulse profile of SGR 1900 + 14 (2-20 keV) ferAlugust 28, 1998 RXTE
observation. The plot is exhibiting two phase cycles, frdm]]

wind during giant burst, is expected, so rotation energgdesy magnetic wind explain the period
increase, and the values of neutron star magnetic fieldsis&&similar to those of ordinary radio
pulsars [16].

8. Nuclear explosions near neuron star surface

Analysis of a neutron star (NS) formation during collapsé shown, that cooling of the
neutron star does not lead to thermodynamic equilibriumhan duter NS crust, where a layer
with non-equilibrium composition is formed [17]. The engigored in this layer may be released
when its matter is moved to NS surface as a result of stargual{e or development of another
kind of instability [24]. Such explosions, connected withvdlopment of fission reaction of super-
heavy nuclei from non-equilibrium layer may be observed apexial type of gamma ray bursts,
connected with SGR [18, 24]. The enelfgy, stored in this layer strongly depends on the NS mass.
For characteristic mad¥lys = 1.4M., this energy isE, ~ 10®erg [17]. The mass of the non-
equilibrium layer is larger for low-mass NS, because of logrvity leading to larger thickness
of this layer. It is suggested in [24], that SGR activity isinected with instabilities, developed in
the low-mass NS crust witMys < 0.8Mydot, connected with magnetic fallback accretion of the

20



Neutron Stars and their Magnetic Fields G. S. Bisnovatyi-Kogan

22X0 e B S — ]
1.5F .
T I ]
n L 4
(0] - 4
o 1.0 ]
o [ ]
oD_ B T
os5F — .
ool o 1
50 100 150

Time (Days past MJD 40900)

Figure 12: The evolution of "Period derivative" versus time since thistfperiod measurement of SGR
1900+14 with ASCA in [42]. The time is given in Modified Juli@ays (MJDs), from [47].

matter after SN explosion. According to estimations thegnstore in the non-equilibrium layer
is enough for producing- 200 giant bursts.

9. Conclusions

1. Magnetic fields of radio pulsars are in good corresporgevith theoretical estimations.
Magnetic fields of single radio pulsars are damping very sibany.

2. RP and LMXB have small magnetic fields, which very probdidyl been decreased by
screening during the accretion stage.

3. Contradiction between high.,c and other observational estimations®fn the LMXB
Her X-1 may be removed in the model of relativistic dipole heatism of the formation of a
hard spectral feature by strongly anisotropic relatigislectrons, leading to conventional value of
B~5-10°°G.

4. Very high magnetic fields in magnetar model of SGR needkdaconfirmation and inves-
tigation.

5. Non-equilibrium layer is formed in the neutron star crukiring NS cooling, or during
accretion onto it. It may be important for NS cooling, gliésh and explosions connected with
SGR.
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