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Abstract: The nature of an unusual class of cosmic X-ray source, dubbed "Anomalous X-ray Pulsars," was a mystery since 1982 when t
example was discovered. In this talk, | will show the recent observational evidence that unambiguously links them with another equally exoti
of object, the explosive "Soft Gamma Repeaters." The evidence todate strongly supports the picture that both are "magnetars:" isolatec
neutron stars having surface magnetic fields ~1000 times greater than those in conventional neutron stars.
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Summary

* Observational Properties of Isolated Neutron Stars
— “Conventional” wisdom: Radio Pulsars
— Soft Gamma Repeaters
— Anomalous X-ray Pulsars
— The Case for Magnetars
— New: Transient Magnetars
— Magnetar birthrate

— Connection with Radio Pulsars
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Why Study Neutron Stars?

« unique because extreme vet observable:

— extreme gravity: General Relativity matters
* 1993 Nobel Prize for Test of General Relativity
— extreme densitv: fundamental physics via
equation of state of dense matter

— extreme magnetic fields: fundamental physics

via QED, B > B,;;, = 44 x 10°G
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Why Study Neutron Stars?

» unique because extreme vet observable:

— extreme gravity: General Relativity matters
* 1993 Nobel Prize for Test of General Relativity
— extreme densitv: fundamental physics via
equation of state of dense matter

— extreme magnetic fields: fundamental physics

via QED. B> B, = 44x10°G

BLACK HOLES MAY BE CLEAN...
- 23UT NEUTRON STARS CAN BE SEEN.



Crab Nebula




Crab Nebula

Near center of Crab
1S a neutron star:
a pulsar.

The Crab pulsar
pulsates 30 times
every second! &

this time sequence lasts
0.033 seconds!
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Basic Neutron Star Facts

tvpical neutron star mass:
1.4 solar masses

— about a halt-million
Earths!

typical neutron star radius:

10 km
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Basic Neutron Star Facts

typical neutron star mass:
1.4 solar masses

— about a halt-million
Earths!

tvpical neutron star radius:
10 km

fastest known pulsar rotates
642 times per second!
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Neutron Star Facts
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More Pulsar Basics

 spin characterized by
spin period ' &
steady spin down due to magnetic braking

P(t)=P(t,)+ P(t —1,) +...

. |2
P >0 /

time
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NB — Radio pulsar
steady spin-down
behavior very
different from
accreting neutron
stars which
generally spin up or
show large
torque reversals.
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Pulsar Basics continued...
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Pulsar Basics continued...

y d (1 < . . P spin-down
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l P-Pdot Diagram
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Soft Gamma Repeaters

 sources of rare. brief, intense, repeating soft
gamma ray and x-rayv bursts

* 5 examples known: 4 in Galactic Plane, 1
in Large Magellanic Cloud

3 giant flares secen: March 3. 1979,

August 27, 1998,
December 27. 2004
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March 5, 1979: SGR 0526-66

4
2 000} t5x10

0

—
Mazets et al. 1979 b
KONUS on Venera
50-150 keV

From SNR N49 in LMC

Pirsa: 06110007 o Page 33/121



March 5, 1979: SGR 0526-66

el b5%10°
, 44

1 total energy > 5x 107 erg
1.000}

| “/\fj\f

0 20 40 50

Mazets et al. 1979 t4,(s)
KONUS on Venera
50-150 keV

From SNR N49 in LMC
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Soft Gamma Repeaters

» sources of rare. brief, intense. repeating soft
gamma ray and x-ray bursts

* 5 examples known: 4 in Galactic Plane, 1
in Large Magellanic Cloud

3 giant flares secen: March 5. 1979,

August 27, 1998,
December 27, 2004
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March 5, 1979: SGR 0526-66

el 5%10°
) 4

1 total energy > 5x 107 erg
1.000}

| \\/\f\f\j

0 20 40 50

Mazets et al. 1979 1, (s)
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March 5, 1979: SGR 0526-66

6
- L > 10 LEddmgron
Seadl $5x10
_ 14
1 total energy > 5x 10" erg
1,000+
| \/\{W
0 R
0 20 40 50
Mazets et al. 1979 tt (s)

KONUS on Venera
50-150 keV

From SNR N49 in LMC
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March 5, 1979: SGR 0526-66
L>10°L,

: ddington
2 gool $5x10
_ 44
1 total energy >5x107 erg
1,000} !
\A{Wﬂ For one
) moment,
0 20 40 50 this source’s
Mazets et al. 1979 tt,(s) flux greaﬂ}r
KONUS on Venera dominated
50-150 keV entire cosmic hard

X-ray flux!

From SNR N49 in LMC
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August 17, 1998: SGR 1900+14

SGR 1900+14 flare

iy

ﬂ_fL'LJ -+— ~5 minutes —»

l

Hllrle}"et al. 1999
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Gamma Rays
(Ulysses spacecraft)

Gamma-ray counts —»

Typical nighttime lavel -

I : i “T!"' - ..'I"!’".'-."'-l--; e ER e AL

Reflected Radio Waves

Radio-signal strength —»

(Colorado, USA)
PN P e i s i R
| i L ! 1 1 L
10:22 10:23 10:24 10:25 10:26 10:27 10:28

Universal Time (August 27, 1998)

Blast from the past. High-energy photons erupted from a neutron star in Aquila roughly
20,000 years ago, only to smash into Earth last August. They then bicated our ionosphere,
temporarily weakening radio transmissions that travel from Hawaii to Colorado and are re-
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August 17, 1998: SGR 1900+14
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Gamma Rays

(Ulysses spacecraft)

E o “WWMWMWWW A

rﬂn‘ﬁ-«m—n'_'l-"' -{ar-,,;n.:,_, i
1 i 1 L

10:22 10:23 10:24 Tﬂ:ES 1'}:26 10:27 10:28

Gamma-ray counts —»

Typical nighttimelevel

.C . . = i : ..':'h '—H- : -..'r-|-; -.;'1-:. .1 - ' I

:'E'n I 3 e . e mn“ . ; y

o - ik

2 Reflected Radio Waves

: (Colorado, USA)

E‘ E::-';_; :_;._ ey :t:;::. = '-1'._’.':?'_"-' 3 ] - 3 -:f.t".'1 S e e a T -.-j-- .- __ z
= I.,:-c = “ -=-=*.--l = e l-- 11 = aadp " A —-1.---1.--1-.-.:- P ..-';n' famea L s

10:22 19:23 10:24 10:25 10:26 10:27 10:28

Universal Time (August 27, 1998)

Blast from the past. High-energy photons erupted from a neutron star in Aquila roughly
20,000 years ago, only to smash into Earth last August. They then bloated our ionosphere,
temporarily weakening radio transmissions that travel from Hawaii to Colorado and are re-
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Dec 27, 2004: SGR 1806-20

. ~100 times more
10°E .
g : luminous than
. - e any Galactic
A transient vet seen!
a
w)
S 108 | , |
5 First 0.2 s
0 1 ; .
£ 10° 3 contained
o
O same energy as
10 ; P
- Sun radiates in
50 250,000 yr.

FIFE%t al. 2005, Nature Suggests GRB relevance:
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Dec 27, 2004: SGR 1806-20

" ~100 times more
10°E *
3 | luminous than
~ D any Galactic
1ot transient vet seen!
a
w
o 10° | , _
5 First 0.2 s
15 ‘_
£ 10" 7 contained
(o] e
S same energy as
102 | , ;
| Sun radiates in
— 50 & 250,000 yr.

WHEEE al 2005, Nature Suggests GRB relevance
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\ Soft Gamma Repeaters cont...

e much more common are

small bursts

* tend to occur in bunches

— active periods last

e burst durations ~100 ms

irsa: 06110007
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Dec 27, 2004: SGR 1806-20
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I Soft Gamma Repeaters cont...

 much more common are

small bursts

e tend to occur in bunches
— active periods last
weeks. recur on

timescales of vears

e burst durations ~100 ms

Pirsa: 06110007
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Soft Gamma Repeaters cont...

ORs
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Soft Gamma Repeaters cont...

« X-ray pulsations in quiescence from 2(3) SGRs
— SGR 1806-20: P=7.3 s, spinning down
— SGR 1900+14: P=5.2 s. spinning down
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Soft Gamma Repeaters cont...

« X-ray pulsations in quiescence from 2(3) SGRs
— SGR 1806-20: P=7.3 s, spinning down
— SGR 1900+14: P=5.2 s. spinning down

 steady spin down reminiscent of behavior seen
m young radio pulsars
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SGRs as Magnetars

Spin-down cannot power emission...need new mechanism

" Duncan & Thompson, Paczynski (1992);
Thompson & Duncan (1995,6):
— Need large B tield to spin down neutron star to 8 s
in SNR age, ~10 kyr (N49 in LMC)

e Stmilar periods seen 1n 2 other sources: spin down
later confirmed directly

— Need magnetar field to confine energy n tails of giant
bursts

» evidence from relative burst, tail durations and
energies. light curve
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SGRs as Magnetars, cont...

— Need energy source for flares
» (G1ven giant outburst energies. need
magnetar field to vield enough magnetic
energy
— For B-field decay on relevant time scales. need
magnetar strength B fields (Goldreich &
Reisenegger 1992)
— Quiescent emission can also be powered by
magnetic field. via internal heating, external
currents
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Magnetars

“A magnetar 1s a star designed by a
committee of physicists, each trying to
outdo the other.”

Roger Blandford, April 2005
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SGRs as Magnetars continued...

* huge magnetic ficld
decays. heats interior.
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts

Pirsa: 06110007

Page 71/121



SGRs as Magnetars continued...

» huge magnetic ficld
decays. heats interior.
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts
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SGRs as Magnetars continued...

» huge magnetic ficld
decays. heats interior.
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts
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SGRs as Magnetars continued...

» huge magnetic field
decayvs. heats interior.,
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations: o
small bursts

» large scale deformations:
large bursts
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SGRs as Magnetars continued...

» huge magnetic ficld
decays. heats interior.
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts
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SGRs as Magnetars continued...

» huge magnetic field
decays. heats interior.
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts
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SGRs as Magnetars continued...

» huge magnetic field
decays. heats interior.
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts
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SGRs as Magnetars continued...

» huge magnetic ficld
decays. heats interior.
causes stresses on crust
which occasionally cracks
or deforms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts
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SGRs as Magnetars continued...

» huge magnetic field
decays. heats interior.
causes stresses on crust
which occasionally cracks
or detorms to cause bursts

» small scale deformations:
small bursts

» large scale deformations:
large bursts
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Anomalous X-ray Pulsars

7(8) known
all but 1 in Galactic Plane (|b| < 1 deg). 1 in SMC
some mn SNRs—> voung sources
P=6-12 s, all spinning down
pulsed tractions 0.1-0.7

1E 1841-045 m Kes 73

“anomalous” as energy source unclear: X-ray
luminosity much too high to be rotation-
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AXP Models, historically

» Accretion-powered [: accreting from companion
star (1982-1996)
— No evidence for companion
— LMXB 1n SNR??

» Accretion-powered II: accreting from “fall-back™
disk (e.g. Chatterjee, Hernquist & Narayan 1999:
Yavuz & Alpar 2003)

 Magnetars: “quieter” form of SGR: same spin
periods, spin-down rates, X-rayv luminosities,
comparable spectra (Thompson & Duncan 1995)
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RXTE Monitoring of AXPs

« Long-term project. since 1996

» Weekly/monthly snapshot monitoring of 5
AXPs

« ~] Ms/yr: large project
« Monitor spin behavior, flux, pulse profile

PCA mstrument:
2-60 keV X-rays
in 1 degree FOV.
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AXPs Generally Rotationally Stable
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AXPs Generally Rotationally Stable
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models unlikely.
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Evidence for AXPs being
Magnetars

« AXP X-ray luminosity requires energy source
« B-field implied by P. dP/dt 1s magnetar-strength
« Similar X-rayv spectra to SGRs 1n quiescence

— Thermal (kT~0.4 keV) + Non-thermal (photon
index ~2-4

» AXPs exhibit SGR-like X-ray bursts
— Now seen in 4 AXPs
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Evidence for AXPs being
Magnetars

 AXP X-ray luminosity requires energy source
« B-field implied by P. dP/dt 1s magnetar-strength
« Similar X-rav spectra to SGRs 1 quiescence

— Thermal (kT~0.4 keV) + Non-thermal (photon
index ~2-4

» AXPs exhibit SGR-like X-ray bursts
— Now seen in 4 AXPs
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Major Outburst from 1E 2259+586

on June 18, 2002, during
RXTE observations, major
bursting detected from

1E 2259+586

80 bursts detected 1n

15 ks observations: wide
range of burst peak fluxes.
fluences. rise fimes,
durations. morphologies.
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I P-Pdot Dlagram

|| | | J_III|‘ I F-FEFFH I | R L BLE A 1 ] I:|=I||| [
-9 % o =
>{ SNR = S N =
_10 H X AXP = }&,—; ) :/
| SGR =< e ;&gﬁ
e AT ‘ =
o X
-'C_'{; ~ = E 1614'
- — — =
= )
ﬂ.;‘ — _-F '-‘.'E 1
i 14 -fﬂ-:‘.a"':*-,
e = . ol
& —16 -
— — 17 B =]
o *“Gwﬁf :
ag —18 i =
O Ty ~
T =19 s e =
. : ."5': .: .
e E
% %,
_-21 L : lJlIiEI: I 1 |||'.l| 1 I Il:]Hl 1 1 I]IIII| | -
0. 001 0.01 0.1 1 10

Pirsa: 06110007

Period (s)

=

_ SGRs,
AXPs

Page 89/121



Evidence for AXPs being
Magnetars

« AXP X-ray luminosity requires energy source
» B-field implied by P. dP/dt 1s magnetar-strength

« Similar X-ray spectra to SGRs 1n quiescence

— Thermal (kT~0.4 keV) + Non-thermal (photon
index ~2-4

» AXPs exhibit SGR-like X-ray bursts
— Now seen in 4 AXPs
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| P-Pdot Diagram
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