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Abstract: <p>Magnetars are exceptional neutron stars with the highest magnetic<br>
fields ( 10"15 gauss) in the universe, an unusual quasi steady X<br>
radiation (10"35 ergs/sec) and aso produce flares which are some of<br>
the brightest events (1046 ergs in one fifth of a second) to be<br>
recorded. There is no satisfactory model of magnetars.<br>

The talk will cover neutron stars and a new model for the origin of<br>

the magnetic fields in which magnetars arise from a high baryon<br>
density ( phase transition) magnetized core which forms when they are<br>
born. The core magnetic field isinitially shielded by the ambient<br>

high conductivity plasma. With time the shielding currents dissipate<br>
transporting the core field out, first to the crust and then breaking<br>
through the crust to the surface of the star. Recent observations<br>
provide support for this model which accounts for several properties<br>
of magnetars and also enables us to identify new magnetars.</p>
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The explosion on the surfc
1806-20, reached Earth fr
away.

It was the brightest event known to have
Impacted fthis planet fromh an origin outside our
solar system.

The magnetar, which is no more than twenty
kilometers (twelve miles) in diameter, released
more energy in one-tenth of a second than our
sun has released in 100,000 years. A similar blast
within ten light years of ecrth would destroy the
ozone layer.

For’runotez, the nearest known magnetar to
earth is 1E 2259+586, 13,000 light years (120
exameters) away. SGR 1806-20 is located in the
constellation Sagittarius.
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Density decreases as one moves outwards from the
centre.

[he outer kilometre or so is the Crust. It consists of a

|(]fi|(:f‘ of bare nuclei [sjqrhrw(] with Fe f:ﬁa, and a (J(*g))c:normf: olo‘j:iron
qas. hcz?/ gj)clri neufron'rich aswe go in, Till we go intd a neutron drip
region ahd then

N(rxt_[o_ﬂm }:rusi is & Neuvutron, Proton Electron.. Plasma in beta
equiliorium

With POSSIBLY a neutron superfluid and

vortices here that contribute to the angular momentum of the star.
These vortices also play an important role in the so called

glitches whence the star actually speeds up.

he least understood part is the core of the NS. Density

here can l[m inthe r(mqo of 3-10 Tirm}:s nuclear c_i(fnsit . The core can be
|rr]'1](c)>h1§3rol the many exdfic phases of high density baryonic or quark
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Radius ~ 10 KM

Density 10A15 gm/cc ~ lbaryon / FermiA3

The electron densities in the core are very high ' 10A36/cc and
the electrical conductivity is ' 10A28 (CGS).

Birth
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Magnetic Dipole Radiation

@ The power radialed

2  B2RE
3° &
@ The rale of rotational energy loss
ER = ’-.l..‘.;.'
@ Spin-down rate
b_ 24x2 B2RS o P
T3P T 0T %5

@ An important relation (using R = 10 Km, | = 10 gmem?)
PP -975103p°

N.D. Ha Derss Magnatars & Pion Condonsaias
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Their surface magnetic fields are much larger than those of
vlsars i.e ' 10A14-10A15 G. These are the largest ever observed
ields.

Unlike Pulsars they have strong steady X-ray emission :
10 A34 ergs/sec.

Unlike Pulsars they exhibit bursts of energy called flares:
10A41 -10A446 ergs

Unlike pulsars ( 10Aé6 yr) Magnetar Ages - 10A4 year

Magnetars progenitors are more massive than Pulsars.

Anomalous X-ray Pulsars(AXP) have small flares.
Soft Gamma Repeaters(SGR) have large flares.
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Pulsars are powered by Dipole Emission which
comes from Rotational energy loss.

For magnetars with periods of ~ 10 sec the
rate of rotational energy loss is foo meagre
give the steady Xray flux (10A35erg/sec).

Duncan & Thomson suggested that the
source is instead the magneftic energy They
suggested the Dynamo Mechanism. It stars
are born rotating fast (P ~Imillisec)
convection etc can lead o a field
amplification from 10A12 to 10A15 Gauss
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Dynamos.

Magnatars & Pon Condarsaias

"~
v

N.D. Has
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,() amplify Fﬁl”%ilr fossil fields to Magnetar fields,P must be of
h(‘()[( ero millisec.

[his requires massive progenitors which supports the fact
that magnetars are more massive. But
Simulations(Heger etal Ap J 626 2005) and

5);8 %lor} energgies (J. Vink and L. Kuiper, MNRAS

Fl 10w ihgﬁl even with very massive progenitors its hard to gef
5 millisec

Ir\ the dynamaq ”Il(i del mggne \(US acqulire their lq:r( e fields
(1n1c)TI iMmmedia yml(‘r Ih(‘Jr )|r]h<’1nc {1<1<}r1(* fipole

oI R RS The oS B e ser

at
e age (

a magneftar.
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Observational Evidence for Age Crisis.

e e
1] I
| I

I .

Figure: Leahy Analysis for Age Crisis.

ND Hae Duss  Magnatars & Pion Condonsatos
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HE ENERGY CRISIS (A Dar and A De Rijula 2000etc)

AS Per the Dynamo Model the energetics of the powerful flares as
well of the steady X-emissions is powered by the magnetic field.

ltf' 50, the surface magnetic fields of magnetars must decrease with
ime.

So should dpr/dt .

Not only is this not seen in Magnetars, there is even evidence that
the opposite happens i.e the surface magnetic fields and P* show
phases where they increase!

(Kulkarni etal Ap J )

This last Poi_m has been demonstrated by us b ('mulysirlg the very
precise timing data of Kaspi et al ( arXiv asfrojo905.356 ) in the
post-glitch phase of the young pulsar J1846-0258.
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THE MAGNETIZED CORE

'his Iinfroduces an additiona rm In the stronag interaction hamil

This shows that in the neutral pion condensate phase it becomes
energetically favourable for all neutron ( or u quark ) spins, and

hence all the magnetic moments, to align antiparallel (parallel) to

~

(F. bautry and E Nyman , Nuc. Phy. A319 1979 for Nucleon matter
and
M Kutshcera, W Broniowski e tal Nuc. Phy. A516 1990 for quark matter)

The alignhed magnetic moments produce an enormous
magnetic field, which is estimated in the next frame.
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Note that the minimization yielw

vector q, that i1s proportional to the baryon density, n ..

The negative condensate term is proportional to, n*2,
whereas the kinetic energy term for the nucleons goes as,
n*5/3. As the density goes up the negative condensate
term dominates leading to a phase transition to the
neutral pion condensed groundstate.

The strong interaction Phase Transition to the neutral pion condensate
brings down the energy per baryon, E_B, by 20~30 Mev/ baryon
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At 5 times nuclear density of 10A15 gm/cma3 there
are some 10A38 neutrons per cc.

|
@[ T | CcCn eni
11 »] f [ / \ [ o\
{ J - { | { ) | A | y |
A LB, 1 \ J / .

This Trcmslcn’res to a magnetic moment density
% 2 15, and a uniform core field of 5 -

We get a similar number for constituent quark
matrer

Hol ISR e delstBipgyoed by curents hi
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As the core magnetic moment and the re field builds

up, [ egislands Iin a ||| order transition) it gets oriented by

the inherited/ fossil field

(

The high conductivity plasma generates Lenz currents to
shield this field.

[he core field will remain hidden. Till these currents (li%i{ ate
:}ul)ljm will be no surface magnetic field apart from the fossil
ield.

As the shielding currents dissipate the magnetic field in the
interior starts increasing till it reaches the fully relaxed
configuration due to the core moment produced by strong
interactions.
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|)The strong interaction Phase Transition to the neutral pion

condensate brings down the energy per baryon, E_B, by ~30
Mev/ baryon,

So for a core of , R and density 10A39 baryons/cc

Il) Magnetic energy of the, R ,core with B ~ 10N 16 gauss
"E_m ~10/A47(48) ergs

Il) Net energy IN SHIELDING CURRENTS > E_m

IV) Net energy from Xray emission of 10A36 ergs per second for
~10A4 yr and 100 flares of 10A46 ergs ~ 10/N47 ergs

Neutrino emission 10A47(48) ergs
Total = 10/ 48 ergs
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of magnetar magnetic fields in our

Figura: Early Magnotic Field Configuration
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Time evolution of magnetar magnetic fields in our Time Scales of Field Evolution.
model.

o How axactly the shielding currents dissipale is an
extremely inleresting problem.

» The time scale for Ohmic Dissipation is estimated at 10"
years and is therafore totally irelevant.

¢ Thero is a dissipation mechanism called Ambipolar
Diffusion whose time scale is given by

lam = 10' B, T,
Figure: Late Magnetic Field Configuration

years. This, for the likely paramelers of our model, works
[ oo Mweitmomamas

out to about 10,000 years.

¢ This nicely matches the offset characterising the age crisis.

o The physics of ambipolar diffusion involves plasma
physics, beta equilibrium, condensad matter physics of
strongly magnetised media elc...

@ During the ambipolar dissipation there will b energy loss
from the star in the form of neutrinos, thermal X-rays elc..

MO Har D Magnates & Pon Conrsates
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The phases

Phase |
|||| then {)I( hmu cl()( s not (]”VWPI \oton prog :(1(](EI|(>H _ fill Net JIPHO
nission is efficient. In this phase the magnetfar has no su]wlu Qr

FYere fl\/[iy € spi 1<5f>wrl

Observational Support |l
l[nHE)LJr model THIS IS THE REASON FOR DELAYED AMPLIFICATION AND

Sf_\l’\?é)(elAU&IR/l‘\lN E\JP?ESQ EA% SIS BETWEEN SPIN DOWN AGE AND

Phase I

Observational Support I

The cryst stqrts cleqgving and field lin ill.start to leak out giving
mk to the pfnm an l(]ﬁle surface f’el\gsiorfIs mcrecléng. JVINg

X Radiation and Flares
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Magnetic Dipole Radiation

@ The power radialed

2 ,B2RE
3Y T
@ The rale of rotational energy loss
Eg = luw
@ Spin-down rate
24x2 B2RS P

P3P T P75
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N.D. Haet Derss Magnatars & Pion Condonsalas
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Spin downage ¢~ P/ 2( dP/dl
dP/dt ~ BA2

Em/C ~ 2x 10A (-23) BA4
B~ 4x10AT4¢g Lx ~ Em/ {~ 5x 10A35 erg/sec

Ex~ 4TA21 (dP/dt)/(PA3)
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[.S. Wood and R. Hollerbach arxiv.org/pdf/1501.05149(2015)

K. N. Gourgouliatos and A. Cumming, MNRAS 438, 1618 (2014
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The cessation of the x ray flux , Lx, is

identified with the dissipation of the
screening currents.

Are pulsars of P~ 10secs and field 10N 14 g
below the death line
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Direct Evidence for Field Increase
The object J18446-0258 has been conventionally
considered to be a rotation powered pulsar.

But it has a high X-ray luminosity more characterstic
of magnetars.

Recently Gavriil et al ( Science 319 2008) et al reported
a glitch accompanied by a flare in this object.
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Livingstone, Kaspi et al (2010) carried out a very precise
timing analysis of this object in the post-glitch period.

Even after 220 days there was a persistent change in
Aw [/ @ =55 102

which translates via the dipole formula to an increase in
magnetic field of about AB=0.13. 1013 Gauss Or 1% per
year.

Anomaly
This effect is 10-1000 times in magnitude than in any
pulsars

More evidence for a potential persistent increase in B is
provided by the observed reduction in the braking index
for this star, from , n= 2.65 to 2.16, after the FLARE, by
Livingstone et al (arXiv 2010). Only plausible source is

dB/dt >0
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