A new look at the Anomalous X-ray Pulsars (AXPs)

G.S. Bisnovatyi-Kogan and N.R. Ikhsanov
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Basic Properties of AXPs and SGRs

e ISOLATED X-ray pulsars (several in SNRs);

¢ REGULAR spin-down at I/ ~ 1011 — 10714 Hy s~ 1,

e X-ray luminosity EXCEEDS the spin-down power (LX > LSd = [ns () Q );
e X-ray spectrum is SOFT ( kT ~ 0.4 —1keV );

e CLASTERING of spin periods around 2 — 20 S;

e Bursting activity in soft gamma-rays ( Lfy > LEdd ) :



Approaches to explain AXP phenomenon

e An unusual Neutron Star (NS) in an environment

— Nuclear fission (Bisnovatyi-Kogan & Chechetkin 1974);
— Thermonuclear fusion (Woosley & Wallace 1982);

— Magnetic power (Katz 1982; Duncan & Thompson 1992);

e AN NS 1n an unusual environment

— A Low-Mass X-ray Binary powered by accretion (Mereghetti & Stella 1995);

— An isolated NS accreting from a fossil disk (van Paradijs et al. 1995);

e An unusual NS in an unusual environment

— Nuclear power + Magnetic power + Accretion power.

e A transition of NS between and unusual states.
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What powers the X-rays?

Spin-powered pulsar mechanism is excluded
LX > Lsd = I Q2 Q)

Residual cooling mechanism is excluded

Lx ~ 10% —10% erg/s > Ly,

Additional local heating

External vs. Internal
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ABSTRACT

While the distribution of spin periods of high-mass X-ray binaries spans more than four orders of magni-
tude (69 ms-25 minutes) the few known X-ray pulsars accreting from very low mass companions (<1 M)
have very similar periods between 5.4 and 8.7 s. These pulsars also display several other similarities, and we,
Propose thal (hey are members of a subclass of [OW-mass A-ray binaries s) with similar magnetic he
(a few times 10'" G), companion stars and, possibly, evolutionary histories. If they are rotating at, or close to,
the equilibrium period, their properties are consistent with luminosities of the order of a few times 1077 ergs
s~ . These pulsars might represent the closest members of a subclass of LMXBs characterized by lower lumi-
nosities, higher magnetic fields, and smaller ages than nonpulsating LMXRBs.

Astron. Astrophys. 299, L41-L44 (1995)

On the nature of the ‘anomalous’ 6-s X-ray pulsars

J. van Paradijs ?, R.E. Taam 3, and E.P.J. van den Heuvel !

Abstract. Recently it has become clear that there is a group
of X-ray pulsars, with pulse periods close to 6 seconds which
are distinct from accreting strongly magnetized neutron stars
in X-ray binary systems. Here we argue that these objects are
the recent products of the evolution of massive stars. They
are unlikely to be neutron stars that formed through accretion
induced collapse of a white dwarf. We propose that they arc
single neutron stars accreting from a disk, the recent remnants
of the common-envelope evolution of a high-mass X-ray binary.
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State by 1995

e AXPs in X-rays resemble Accretion-powered Pulsars

—a Neutron Star (NS) in a LMXB, or

—a NS accreting from a fossil Keplerian disk

e AXPs rotate at the equilibrium period

(for a Keplerian disk Péﬁf U < a few seconds)
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1998: Magnetars, magnetars and only magnetars!..

MATURE | VOL 393 | 21 MAY 1998

An X-ray pulsar with a
superstrong magnetic field
inthe soft y-ray repeater
SGR1806 — 20

C. Kouveliotou*t, S. Dieters*i, T. Strohmayerts,
). van Paradijsil, G. ). Fishman*, C. A. Meegan*, K. Hurley¥,
). Kommersz, |. Smith™, D. Frail** & T. Murakamitt

Here we report the discovery of pulsations in the
persistent X-ray flux of SGR1806 — 20, with a period of 7.47 s and
a spindown rate of 2.6 x 10~ s yr ~'. We argue that the spindown
is due to magnetic dipole emission and find that the pulsar age and
(dipolar) magnetic field strength are —1,500 vyears and
8 x 10" gauss, respectively. Our observations demonstrate the
existence of ‘magnetars’, neutron stars with magnetic fields about
100 times stronger than those of radio pulsars, '

Spin-down to the period of 7.47 s

on a timescale of only 1,500 years!

Regularly spinning-down

like a radiopulsar

(Poq > Ps)

The spin-down torque inferred
from observations is larger than
the maximum possible torque

expected in accretion scenarios

But why do AXPs resemble Accretion-powered Pulsars?
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Can SGR 1806-20 be an accretion-powered pulsar?

/3
Accretion process: Tm < Tcor = ~ 0.0 X 10°cm

Regular spin-down: |st‘ > 2m 1 |Vd |

® (QQuasi-spherical accretion

\KSp\ < ktﬂﬁwsfrAz

® Keplerian disk accretion
—2/7
— ’r‘A Z 4 Tcor X kt /

Kd
‘Ks(d )‘ < Ky ,u/cor

By 1998 the answer was negative...
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This indicates that SGR 1806-20 is

e either a non-accreting NS,

e or the accretion onto this NS differs from both

— QQuasi-spherical, and

— Keplerian disk
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Ikhsanov, Likh & Beskrovnaya, Astronomy Reports, 58, 376 (2014) [arXiv:1402.1029]

Magnetic-Levitation Accretion onto a Neutron Star

1713

1. Accretion from a magnetized wind ( 50 ~ 1)
2. Deceleration of the free-falling material at the Shvartsman radius Rsh
3. Formation of the non-Keplerian Magnetically-Levitating Disk (MAGLEV Disk)
4. Diffusion of accreting material into the stellar MF at the magnetospheric boundary
4/3
Shvartsman _2/3 CS(RG> /
radius Rsh — 6 0 o RG
Urel
2/13  2/13
New Magnetospheric ( cm% ) / CVB/ ,u6/ g (GMnS>5/ 1
parameters: radius ma 2713 .~ 4/13
16v2eky Y LY R
: ()
I'ma
ML-torque Kml — ]-Cm H 3/2 (1 — mlg(z >>
(Tma Tcor) .



Ikhsanov MNRAS, 424, L39 (2012)
Ikhsanov & Finger Astrophys. J., 753, 1 (2012)
Ikhsanov & Beskrovnaya, Astronomy Reports, 56, 589 (2012)

Magnetically-Levitating (MAGLEV) Disk

R

( /~L2 -
_ 2 \
27”}?1& T p(?"ma) Cs (Tma) \\ \Ope'?iesléiuar/

. LXRDS t1 e
S)JtiIl(/rIna) - GM

min(rma) = 4m T'ma 5m ,O(Tma> U{‘f(rma) )(/ L
1/2 / Magnetosphere
6nl(rma> — [t{f (Tma) Deff (Tma)]

\

2/13
) cm% / o2/ 13 ,u6/13 <GMns>5/13
He 2/13 ,4/13 4/13
16 \/56]613 TO/ LX/ Rné

Ikhsanov, Kim, Beskrovnaya & Pustilnik, ApSS, 346, 105 (2013)
Ikhsanov, Likh & Beskrovnaya, Astronomy Reports, 58, 376 (2014)
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Bisnovatyi-Kogan & Ikhsanov, Astronomy Reports, 58, 217 (2014) [arXiv:1401.2634 |

Magnetic field of AXPs and SGRs in MLA scenario

e NS in the accretor state 1y, < 7recor (An upper limit)

13/9
1 -1/3  _ 2/3 - 2/3 ([ P
1 < 103 Gem?® % ozoj TG/ m /9 Lgﬁ R6/ (—S)

e Spin-down rate | K ;| > 2nl|vyy| (A lower limit)

o [ 27l || 72 3/4
n = ke T'ma Tcor
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Bisnovatyi-Kogan & Ikhsanov, Astronomy Reports, 58, 217 (2014)

[arXiv:1401.2634 |

Parameters of SGRs and AXPs in the MLA scenario

Name P, | Vsal, Lx, B., Teors T'mas ap, T,

c 10712Hzs™! | 103%ergs™' | 102G | 10°cm | 10°%cm | 10°cm | keV
SGR 1627-41 2.6 2.8 0.25 3.9 3.2 1.2 0.9 0.5
SGR 1900+14 5.2 3.4 9.0 2.7 5.2 1.0 1.0 1.1
SGR 1806-20 7.6 13 16 12 6.6 1.7 0.8 1.4
SGR 0526-66 8.05 0.59 14 1.2 6.9 0.6 1.3 1.1
1E 1547.0-5408 2.07 3.2 14 1.5 2.8 1.3 0.9 1.3
CXOU J174505.7-381031 | 3.83 4.4 6.0 2.3 4.2 1.0 1.0 0.98
PSR J1622-4950 4.33 0.9 0.063 1.5 4.6 1.2 0.9 0.33
XTE J1810-197 5.54 0.26 3.9 0.3 5.4 0.46 1.5 0.73
1E 1048.1-5937 6.45 0.55 0.6 0.31 5.95 0.83 1.1 0.53
1E 22594586 6.98 0.01 2.2 0.024 6.3 0.17 2.4 0.49
CXOU J010043.1-721134 | 8.02 0.29 6.1 0.51 6.9 0.51 1.4 0.83
4U 0142+61 8.69 0.03 11 0.11 7.26 0.21 2.2 0.77
CXO0 J164710.2-455216 | 10.61 0.006 0.3 0.011 8.3 0.22 2.1 0.32
1RXS J170849.0-400910 | 11.0 0.16 5.9 0.4 8.5 0.46 1.5 0.81
1E J1841-045 11.8 0.28 19 0.99 8.9 0.49 1.4 1.1

e MAGNETIC FIELD:

e SOFT X-ray SPECTRUM

B, ~ (0.01—10) x 102 G

kKT ~ 0.3 —1.4keV
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Bisnovatyi-Kogan & Ikhsanov, Astronomy Reports, submitted [arXiv:1407.6733v2]

How could a moderately magnetized NS spin-down to a period

of a few seconds on a timescale of only 1000 yr ?

_ w—1/2 —1/2
Ejector spin-down time Tej ~ 106 yr X ,LL301 [45 9)115/ U8 /

Can AXPs be older than ~ 109 years?

® The spin-down timescale is Tg] "~ PS/QP ~ 200 — 105 VI

— Was the NS born ~ 74 years ago, or

— it had switched into a new (current) state ~ T years ago?

e The Age of SNR is TaNg 7 103 — 104 yr

— Was the NS born about TSNR years ago, or

— it has nothing to do with this SNR?
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Bisnovatyi-Kogan & Ikhsanov, Astronomy Reports, submitted [arXiv:1407.6733v2]

AXPs as DESCENDANTS of High Mass X-ray Binaries

P -

T~3 Myr, N~10* 1’: \/ \} Two OB main-sequence
N S stars . . .
== 1. A NS forms in a Massive Binary System

~

4 More massive star (primary)
T~10 yr, N~30 -
yr “a N overfills Roche lobe. Stable or
/ unstable nonconservative
exchange

during the 1st SN explosion

2105 - Helium-rich g
T~2:10 yr, N~500 with OB- panion

2. Its spin period evolves on ~ 10° — 10" yr to

Primary explodes as
core-collapse SN or ECSN
and becomes a neutron star
or black hole

-2 -1
~10 yr

| PED g ST 3T o3

Secondary is close to Roche lobe.
Accretion of stellar wind result
in powerful X-ray emission

T~10"yr, N~100

3. After 2nd SN explosion the system is disrupted

T~10"yr, N~30

the old (~ 10° — 107 yr) NS becomes isolated

v

Trn2:10"yr, N~50 :—AI{-\'
He- star with compact . N
companion surrounded ¢ % @ >
by an expanding envelope '-\ ,:'

. .
[

T~1Myr, N~1000
Red (super)giant with
neutron star or black h
core (Thorne-Zytko

— 1t is embedded into a SNR

— it captures material from SN ejecta

Secondary explodes as
a supernova, ~10 yr '

(Kd)
. — it rotates with the period Pe
Binary relativistic
star

— it is spinning-down on 200 — 105 VI

Merger of components
with a burst of emission
of gravitational waves and
gamma-ray,

E~10""erg, ~10~ yr’
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Bisnovatyi-Kogan & Ikhsanov, Astronomy Reports, in press (2015) [arXiv:1407.6733v2 |

Ry,
Mass of the fossil ML-disk is My = 4w / p(r)hy(r)rdr

T'ma
Disk parameters
: 1/4
e Temperature 7(r)= (mG?)MnS) : T(T) X 7”_3/4
4Tro,
e Halfthickness h,(r) = ke T (r)r*\ V" ha (1) o /6
0 \mypG My ’ Z
eDensity o)) « % p(r) oy /4

_ 13 « 104 11 =902
Mg =~ 107 Mg x pgy' 9o "0 a0 o 12 o [agte grte e

The ML-disk can be formed from the innermost

slowly moving part of the SN ejecta
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Bisnovatyi-Kogan & Ikhsanov, Astronomy Reports, 58, 217 (2014) [arXiv:1401.2634v2 |
Bisnovatyi-Kogan & Ikhsanov, Astronomy Reports, in press (2015) [arXiv:1407.6733v2]

CONCLUSIONS

AXPs are descendants of HMXBs accreting from a residual MAGLEV-Disk

e Neutron Stars rotating with the period Peléd ~ a few seconds;
e Isolated and rather old (~ 10° — 107 yr)

o Regular magnetic field (B, ~ (1—10) x 10" G)

What powers activity of SGRs and AXPs in gamma-rays?
o The energy source is located inside the Neutron Star

— Magnetic energy in the crust is Em < 5 X 1046 3%5 erg;

— Binding energy in the crust is [y, ~ 1047 erg  (for p ~ (0.4 — 10) x 10" gem™?)

o Questions about the trigger and transmission are still open
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