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Objects

How big are compact objects?

Neutron Stars
White Dwarfs
Black Holes

White Dwarfs

Gravity yields: Py ~ G—Mz

Relativistic degenerate eIectrons

2

mecC mp 3
Po~—,M=—"R
0T TN A3
Solving yields
mp m?g
R=X—M=—%
mp ms

R ~ 10,000km, M ~ 1.4M
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Neutron Stars
GM2

Gravity yields: Py ~
Relativistic degenerate neutrons

mpc?

Py~ T M= T0R3
0T TN 23
Solving yields
mp m?,’p
R=X—M=—%
mp m2

R~ 17km, M ~ 1.4My



Objects

What is a neutron star?
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The remnant of the

explosion of massive star.
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An accurate clock (

A giant magnet
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How strong can their fields be?

Let's calculate the expected magnetic field of a neutron star.
*

> Let’s assume that the core
of the star has a magnetic
field and mass similar to the
Sun’s.

» A neutron star has a radius
of 10 km.

» Flux freezing: ® o< BR?.

» B~ 50G (70000)% ~
1011_12G.
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1071 10710

» The first neutron stars to
be identified were radio
pulsars.

1071 1078 10712

P

» Over 2,000 are now
known.

10716 10719

10717

» Lots of flavours — not
even including the
accretors.

1072 10719 107
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—
. e | Lol
1 10

At el .

1072 107!

Period [sec]

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Objects

Neutron Stars
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Black Holes

Phenomenology of Neutron Stars

The figure on the previous page has tons of lines giving
various physical quantities based on the values of P and
P. The basic premise behind these lines is that the
spin-down of the star is due to magnetic dipole radiation.
In particular we have
B2ROQ* sin® &

6c3
where Q is the angular frequency of the pulsar,
I ~ 1045g;cm2 is the moment of inertia, By is the
strength of the dipolar component of the magnetic field
at the surface of radius R &~ 10km and « is the angle
between the spin axis and the dipole axis. This equation
yields an estimate for the energy loss

E=100=—

. P -3, .

E=4x10%erg/s ( ) P =108Lg P3P,
1sec

[ surface dipolar magnetic field and age

B, = 2.5 x 10°°G/PP, 7 = 0.5PP !

If one assumes that the electric fields induced by the
rotating magnetic field are not shorted out, then we can
estimate the typical EMF between different parts of the
light cylinder (c/€) and the value of v acquired by an
electron through the EMF. We have (GJ)

B,Q R®

dgg = —— — Pa(cos h).
3¢ 3

Jeremy S. Heyl

If we take the Legendre polynomial to be unity this yields
] 106P1/2P177/2A The final line assumes a model in
which millisecond pulsars are produced when a neutron
star accretes material from a companion. This both spins
up the neutron star and weakens its magnetic field. If we
assume that radiation pressure balances gravity in the
accretion flow, we have
4mwcGMm), 33 M
L=Lggqg = — =13 x 10" ——erg/s.
or M@
and L = MGM/R. Furthermore, we assume that the
accretion flow surrounding the star is disrupted at the
Alfven radius where magnetic pressure balances ram
pressure

B;Rlz 1/7 B;‘RmGM 1/7
ra = - = .
A7\ 26Mm 212

Finallly, we assume that the spin of the star at a given
time equals the Keplerian angular velocity at rya,

\/6M/73, vielding L =5 x 1015 PP /3. Note

that this relates the accretion luminosity to the spin and
spin-down rate right after the accretion ceases — it is
spin-up line.
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What is a white dwarf?

The remnant of the
effluence of a sun-like star.

A giant diamond

An accurate clock (Gyr)

A giant magnet
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How strong can their fields be?

Let's calculate the expected magnetic field of a white dwarf.

» The magnetic field of the DR P PR T L A
Sun is about 50 Gauss. s <X A

» A white dwarf is the radius oA T e )
of the Earth. O o - i 0

» Flux freezing: ® o< BR?. ‘.'. -l ;

> B ~50G (109) ~ o e | e T .
500kG = 50T. e

» Magnetic Ap stars have ~ sehenices L ..
1 kG fields and are bigger i SN i o eyl W
than the Sun. o 0w -

» B~ 100MG = 10*T.
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White Dwarf Spectra

. PG1015+014 : Left (Euchner et al. 2006), Below (Keck;Heyl)
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What is a black hole?

10°-

v

The remnant of the
explosion of a really massive
star.

» A giant nothing

Mass of black hole (M)
S
>
T

10"
» Stops clocks ,
_—~ Milky Way o Spirals
° o Ellipticals
> e —Circinus
| | | |
10° 10" 10" 10

Mass of bulge (M)
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Processes

Vacuum Breakdown in an External Field

h *d¢ _.-[ab a b
off = — B2 —e | = coth | ¢(— t{(—=—)—-CT
o= gatt [ o e (3) = (o5) -]

where
(b—ia)®> = (B —iE)®> = |B|* — |E|* —2/E - B
[2(b— ia)?] = F" Fu + i€uapF" F*P =1 + iJ
and 1 1a°—b?
CT:?+§ B (2> — b?)

Heisenberg-Euler, Weisskopf, Schwinger
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Processes

Pair Production Rate

The pair production rate is related to the imaginary part of

h *d¢ _.-[ab a b
=_—B2 [ —e|Zcoth - CT|.
Lo g2 Bk . < e [B,% cot (C Bk> cot (C Bk> C }

The imaginary part of the
integrand is even so we can
extend the integration to the real
line and complete with a
semicircle.
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Vacuum Breakdown

> In general,

1/ AN 3/ h\tabX1 nrh By
- - (= ) N Zeoth [ =2 —nr—=K) .
=i (me) (oa) B aeon () (o)

» For weak magnetic fields (a > b),

A -3 h -1 a2 )

» For strong magnetic fields (b > a),

wes L (h)3( n ) ;glog [1 — exp(~7By/Ja])].

7 \ . mc mc?
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Vacuum Breakdown near Rotating Black Holes

In a vacuum spacetime, a linear combination of Killing vectors
yields a solution for the electromagnetic vector potential also in

vacua. 1 2J Q
Au = EBO <¢u + M77u> - Wn,u

What is a Killing Vector?

A Killing vector points in a direction in
spacetime that you can move without
the spacetime changing locally. A
Killing vector encodes a symmetry.

"
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Iy
0

il
ity
Attt
i

iy o
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Processes

Field and Photons

To understand the interaction of light with the magnetized
vacuum, we imagined expanding the action for a uniform field plus
a small photon field,

E =Eo+0E,B =B +0B, F" = (Fo)" + .

We have two possibilities.

1. kXe< 1: we pretend that the photon field is also uniform and
expand the effective Lagrangian density.

2. kXxe= 1: we have to expand the action itself.

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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How It Works

~O— CL,

)
v faB. S=5 f#Vfaﬂ44444447
S = 50+ fﬂ f 6f/“’5f0‘5 ot 5 SfFrvSfab

1 53s
- f,uzl fa,B for
5 SFivsfaBsfoT
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Indices and Indices, Oh My!

It would appear that we have an explosion of terms. However, we
can make several important simplifications.

» The Lagrangian density and the action are gauge invariant, so
they can only depend on gauge invariant quantities, i.e. F*V.

» The Lagrangian density and the action are Lorentz invariant,
so they can only depend on Lorentz scalars.

» If the field and the perturbation can be taken to be uniform
(k# — 0), then we can use the Lagrangian density which can
only depend on | = F*F,, = 2(b*> — a%) and
K = 12 = (euapFr" FP)? = (—4ab)?
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The Lagrangian Density

We already saw an expression for the Lagrangian density for
arbitrary uniform fields,

h d¢ .. [ab b
Lot = 5B /O e ¢ {B2coth <g§k> cot <g Bk> CT}

As is this is a complex integral and the integrand is a bit poorly
behaved. The integral converges through a cancellation with the
counterterms. Because we are interested in uniform magnetic fields
with small perturbations we can perform a Wick rotation, yielding

o ab b
Log = sisz 0 CC —<[ B¢ t<g8k>coth ((Bk>+CT}
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The Lagrangian Density

« d( o< ab a b
Leg = 8.2 Bk/o C [ 82 cot <CBk> coth (CBk> + CT}

This expression is manifestly real, so if a # 0, this does not give a
valid expression for the imaginary part of the action. However, this
expression yields some useful simplifications.

Let us write an expansion for small values of K Hey, Herquist 972

e? 1 e K 1 e? K2 1
S °<§>+hc8£ 1<5>+th£ ()

for nearly wrenchless fields where ¢2 = (b? — a2)/B2.
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The Lagrangian Density

e? | 1 K 1 K?2 1
=55 0 (g) % () + s (¢) +

where

x/2+1 X
Xo(x) =4 [/1 InT(v)dv —InA| — %In <§> + x[1 — In(7x)]

3 1 X 1
23 1, (x 1ol =
+x [ In <2>] InA = = — ((~1) = 0.248754477.
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The Mother Function, Xp(x)

Some neat facts about Xp(x),

» For pure electric fields, the value of £ is imaginary and Xp(x)
is complex and gives the value of the Lagrangian density
before the Wick rotation, even the imaginary part.

» The derivatives of the Lagrangian density with respect to K,
X1(x) and Xa(x), can be expressed as derivatives of Xp(x).

» These functions are all that you need to understand photons
of long wavelength travelling through a wrenchless field.

> It is actually easier to calculate for strong fields than for weak
ones and is related to zeta-function regularization.

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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Functions

x/2+1
Xo(x) = 4 [/1 In r(v)dv—InA] —%In<2> + x [1 — In(7x)]

3
Sz oy -
+x° [4 2'“(2)} InA = ¢M(—1) = 0.248754477.
21
Xi(x) = —2Xo(x)+XXél)(x)+§Xé2)( -5
Xa(x) = —24X0(X)+9XX(§1)( )+ (8 + 3)XD(x) + X P (x)
(4) 8 1 16 1
X ()+ 15 x4
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Index of Refraction

For light travelling through a strong magnetic field there are two
possibilities
1. The parallel mode (following the convention of Adler) where
dB||B, so 6/ =8BdB and §J =0, and

2. The perpendicular mode where B 1. B, so 6/ =0 and
0J = —4BJE.

3. Because 9?Lgg/010J = 0 for wrenchless fields, these are the
modes of propagation.
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Index of Refraction

Looking at these two modes for light travelling through a strong
magnetic field yields the following expressions for the index of refraction,

m=t g 4 () - () e

Potehkin et al. have derived convenient fitting formulae for these values
that are valid to within a 3% for all field strengths

- 5 1+1.2¢ « £2
907r 1+1356 105622 = T 67375127654 1 &2

Heyl, Hernquist 97b
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Index of Refraction

AL B L) B L LA B LR L) B ELLL) B UL RELLL

107!

What could be a signature
of this birefringence?

> A time delay: At ~
1073R/c ~ 10ns?

» Magnetic lensing?

Shaviv et al. 99

» These all seemed a
bit too subtle.

> We were literally
staring at the answer.

EERETTY R ERTT! BRI BT AR ETIT RS RTITT
102 10 101 101 106

Magnetic Field [Gauss|
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Propagation through a twisting magnetic field

Kubo and Nagata (1983) present a concise way to characterize the
evolution of the polarization of light through a medium. Normally
one represents this by complex amplitudes; however, one can
exploit the homeomorphism between SU(2) and SO(3) to represent
light using the four Stokes parameters.

0s ~
a_ﬂxs

where ‘Q‘ = Ak. The vector s = (51, 52,53)/So or (Q, U, V)/I.

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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Stokes Parameters and the Poincaré Sphere

An important analytic solution.

What if &2 =T x Q7
1. Move into frame that

corotates with €.

2. In this frame we have

%:(Q—?‘)xs

3. s orbits Qpg if

A -1
o Lo > 0.5 _
|Q| a/ ~ Heyl, Shaviv 00
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Polarization-Limiting Radius

The radius at which the polarization stops following Q is called the
polarization-limiting radius. Beyond here the modes are coupled.
It is safe to assume that this occurs in the weak-field limit where

2
= o2 5 < sin? 0,|Q <!
4m 15 \ BqeD w

a v\1/5 7 2/5
< = —— i
F'e rpl (45 C) (BQED > B)

o107 (N (N gy
2% 109 Gon® (1017 Hz) (sin B)7 cm,

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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Why does this matter?
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Why does this matter?

e

\ooe xS
s s 7

TN Bl /
Quasi- Tangential Region wang, Lai 09

Heyl, Shaviv 02
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This is not subtle.

1 AR AS
Let's recap. 0.8:, ]
» Neutron star atmospheres
emit polarized light. or 1
» The emission varies across ’ 04l 1
the surface. i ‘ / .
> The rotating magnetic field e 7 -
twists the polarization. 0 N

T 1 T I N I I T

10 12 14 16 18 20
log,, ((v/1 Hz uf,) + 10%)
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Realistic Hydrogen Atmosphere

0
ES
-2
=
e
v \
4 \ N
// \ )
F // \ il
A A T R ‘H\\H‘H Al il M
0.001 0.01 0.1 1 1 0.001 0.01 0.1 1 1
E_[keV] E_[keV]
012G 104G

Heyl, Shaviv, Lloyd 05
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Axions and Plasmas

Let's add an axion which is a pseudoscalar particle
that can couple to a photon travelling through a %
magnetic field. £,,, = —% ga FWIN-_/“’ =gaE-B
d a w+ A, Apm 0 a
I'CE EH = Ay UJ—{-AH —|—Ap 0'12w/2 EH ,
E, 0 ngw/Z w+022w/2 E,

where using 3 = Bsin6/Bqgrp we have the QED and axion
contributions
Ta m? g m? 4o
A= — 8820 A = ——2 A, =2 e N o DN
I 907TCI5 w, A, o B > 8,022 457Tﬂ m+022 p

Lai, Heyl 06
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Three-State Equation

a w+ A, Ay 0 a
ic—| E| = Ay w+ A+ Ay opw/2 E |,
dz E; 0 o w/2 w + opw/2 E|

where using 8 = B'sin 0 /Bqgrp we have QED, axion and plasma terms

A Ta A52 A mg A mz 5 4o [32 5+
= —4fw, Ny =— = =-———B,000=—pB"M+ox
= 9or TET Tt 57 »
wve [ cos? 6 2 Ve u;/z Ve
Ap = — ——— +sin“ 0| ,010 = —op1 =i cost, o0, = —
2 1 — ue 1 — ue 1 — ue

where ue = wge/wz, Ve = wge/wz, Wee = meczfj/fi and wpe = (47rnee2/me)1/2. The values of /1 and § are
of order unity for small fields and

1+41.2¢ . 1

§= m= .
1+ 1.33¢ +0.56¢2° 1+ 0.72¢5/4 + (4/15)¢2
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Resonances

N ]
If the second and third diagonal T 1\\ . . ]
elements are equal, we have a < [T ST T T T T T
resonance between the two S ]
photon modes. B
If the first and second diagonal \T/ o2 a . a____]
elements are equal, we have a Mo [ b ] ]
resonance between the photon i DN o
and the axion. B ) |

(; - 0.5 - 1 1.5

v./q
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Vacuum Polarization

Axions and Plasmas
Photon Splitting

Vacuum-Plasma Resonance

Deep in the atmosphere of the neutron
star the plasma dominates, while
outside the vacuum dominates.

The transition is adiabatic if

E > Enq = 2.52(Ftan 4|1 — u;])?/3 x

1 1/3
(Cm> keV
H,

and the conversion probability is

Peon = 1 = exp |~(7/2) (E/Ewa)*| -

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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Lai, Ho 03
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Vacuum-Plasma Resonance

O-mode X-mode

A A
For large strengths of the magnetic field, the :
vacuum resonance may lie between the —;_—?:;"&i"i.m
photospheres P
\’
— — Vacuum
B> B ~6.6x103T; V3 *s-1/G R
”
where S =1 — e E/KT, - ! X-mode

4 Photosphere
*

This can have a strong effect on the appearance of X
spectral features and the high-energy slope. Ho, Lai 04 .
X-mode O-mode
B27x10°G
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Vacuum-Plasma Resonance

T T —
10® = B=4x10®% G =
£ _1ne 1
L Teff710 K il
< L ]
=
O
S gom | 3
o £ ]
E r ]
© L il
P L il
" il
ep
=
2 o
N E jonized,vp
[ r
o - - - - ionized,no vp -
[ blackbody ]
t partial,vp d
1017 L | L
10-® 0.1 1
E (keV)

B =4 x 103G
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Vacuum Breakdown
Vacuum Polarization
Axions and Plasmas
Photon Splitting

10° = B=10" G
T=10% K

’7; L ]
[l
SEULE= 4
b £ k|
g i
© -
v ]
o J
a0
e
S el i
N E ionized,vp " Vs
23 [ I ]
F - ionized,no vp :‘ -
L blackbody [ ]
] :
r partial,vp L\ i J
H \
i H
1017 P NI .
102 0.1 1
E (keV)
B = 101G Ho, Lai 04
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Axion-Photon Resonance

os | |
With generous parameters for the 06 -
axion (g = 107° GeV 1), al
m, = 1073 eV), we can get NE ogé
substantial conversion to the 21
axion, resulting in strongly % °C
polarized light. < °°F
However, we already expect the *°F
neutron atmospheres to be U
strongly polarized, so it wouldn't 3
of
0

be a clear signature.

Lai, Heyl 06; Perna et al 12
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Axions and White Dwarfs

LR B S L R SRR R

1.00

I
B RRREREREE R
PN e A

0.95
005 F “*4"‘””“"""“”"*"*__
White dwarfs have exquisite oo F :
polarimetric observations, finding -
no linear polarization to the few TR0
percent level. _ 000 : =
Their fields are weaker 1089 G, —00s | 3
but the stars are bigger, and we [
. 0.00 =1
know the field geometry. - ]
—0.02 » ]
N EERTTTTT ERETRTTTTY RATRTRTTTT MAATRTTTTY MATRTTIT SEArRTTTT ..
10-% 1072 107! 1 10 10?

s/R.
Gill, Heyl 11
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Vacuum Breakdown
Vacuum Polarization
Axions and Plasmas
Photon Splitting

Processes

Axions and White Dwarfs

Assuming that we model 109
the fleld in the glgagauss -, Horizontal Branch Stars
white dwarfs, 10 CAST (Phase.1)
PG 10314234 and .

SDSS J234605+385337 as
well as Euchner et al 2006
did for PG 10154015, the
observed minimum
polarization of a few 107
percent excludes some of
the currently allowed
region for axion-like 05 107 10 10 dor 0 102 10
particles. e (V)

10-1

Gar (GeV )
SN 1987A

)
Z
o

10-13

1071

Gill, Heyl 11
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Vacuum Breakdown
Vacuum Polarization
Axions and Plasmas
Photon Splitting

Processes

Photon Splitting
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Vacuum Breakdown
Vacuum Polarization
Axions and Plasmas
Photon Splitting

Processes

Photon Splitting Cascades

In a neutron star
magnetosphere, only one
splitting process is permitted

180

| -L + L

because the index of
refraction of the parallel mode
is greater than the
perpendicular mode, so this is
the only process that

conserves momentum and
CP.

il T
101 100 10 107

Magnetic Field [Gauss]

Heyl, Hernquist 97b

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Vacuum Breakdown
Vacuum Polarization
Axions and Plasmas
Photon Splitting

Processes

Photon Splitting Cascades

ey e ey . .
" 1 splits
E g 1 and Il split
10 Sy 10* F e
-
10* F \ 3
w \ w 10° F 4
= 3 \ %
° - \ E 3
2 10 2
© ©
102 | E
10% | 1
1 1 splits .': ] L T 4
100 F 1 and Il split 9 |
l. d wi d ul. \l 4 A 'l
102 107" 10° 10" 10% 10° 10* 10° 10' 102 10° 10* 10°
€ (MeV) E (MeV)
Photon Spectra Pair Spectra

Medin, Lai 2010
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Vacuum Breakdown
Vacuum Polarization
Axions and Plasmas
Photon Splitting

Processes

Photon Splitting - Gamma Rays

Photon splitting has often been
invoked to explain hard cutoffs in
gamma-ray spectra from pulsars
and GRBs. However, these
models are difficult to interpret
because we don’t know where the
photons are actually produced.

ecm™? s Mev™]

Energy Flux [Mev?
5
&

1 10 100 1000 10000
Energy [MeV]
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Magnetars

The Magnetars — Why?

There are several lines of
evidence for the strong fields
of magnetars in addtion to
the spin down.

10719

P

1076

» Energetics (10*°W over
0.15),

» Timescales (bursts),

ATNF Pulsar Catalogue _]

» Cooling (field decay).

AT
102 10t

—
. e | Lol
1 10

Period [sec]
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Magnetars

What are magnetars?

» Neutron stars with magnetic fields larger, than
Bqep = m2c3/(eh) ~ 4.4 x 1013G,

Magnetically powered neutron stars,

v

v

Isolated neutron stars that exhibit x-ray flares (SGRs)

v

Isolated neutron stars that are too hot for their age,

v

All of these criteria play a role.

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Magnetars

Extreme Physics

» Magnetic stresses exceed
yield stress of the crust

(Thompson & Duncan '95)

» Strongly distorted atoms

(Thirumalai & Heyl '09)

» Radiative corrections of :
QED (Thompson, Heyl, Lai, etc.) %::
> Magnetar quakes (Strohmayer, é
Watts, etc.) g oA bl

10 0
Distance across field [Bohr Radii]

0
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Magnetars

How does the field evolve?

The strong magnetic field is
implicated in “magnetar”
phenomena.

Modes of magnetic field decay

Goldreich & Reisenegger '92

» Ohmic decay
» Gradual decay of the

L2
o tonm ~ 2 x 1011 Syr
magnetic field powers the o 7Y

quiescent emission, (Heyl & » Hall drift )
tian ~ 5 x 1085278
Kulkarni '98; Thompson & Duncan '96) Hall ~ Bis yr
» As the crust cracks the » Ambipolar diffusion .

. y ~ 15
magnetic field suddenly tirr,amb ~ 5 % 10 7682, Yt
shifts, powering the flares. ~ 9 L3T3

P & tsol,amb ~3x10 ‘:5328 yr
(Thompson & Duncan '95) 12
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Magnetars

Evidence of magnetic field decay

1.00FT T T ]
[ * SGRs ]
[ ¢ AXPs 4U 0142 ]
Lo ps3 s E22s90  ° ]
A P<0.5 s 1

L AJI119
Crab
@ 40822

B1055 $J0205

J1856
VA
Gem| B0656

kTen (keV)
o
o
L |
M |

0.01 Lu 1 )
0.1 1.0 10.0 100.0
Bg (10'3 G)

Pons et al. '07
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Magnetars

Flares

INAN ET AL.: IONIZATION OF IONOSPHERE BY GAMMA RAYS
» And they have the NPMAatHAIL 27 August1998
. . Nigt ¢ A
biggest repeating 10} \\\,‘;‘Qﬁ;m“f'ﬂ',x
1 1 é 5+ Daytime {
explosions in the 2 um —— Y
universe! 8¢ 0900PM___ 11:00PM___ 0L:00AM __ 03:00 AM _
2 1o M- :

> The explosions are so

big that they reionize [ f-ray event © |
0 . R I i NI
the Earth's _ 03:22 0323 0324 0325 0326 03:27 03:28
atmosphere. ERE
| W —».‘,‘v‘“«m.y.y.ﬁ-'."I“"‘y.:',"“ ——

They have a huge spike of L

Pt iadi 0322 03:23 0324 0325 0326 03:27 0328
r?dlatlon plus a periodic ) Time (PDT) (UT-7hrs)
signal of a few seconds as

the star cools.

Inan et al. '99
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Magnetars

Flares

©
o
- T T T T T T T T
X T
o
L T
4 . S
} —
2 X
3 o
o
. (&}
N <ro
E —
g &
) o
o [se]
©
o
=
1 2 5 10 20

Mereghetti et al. ‘05 - INTEGRAL ACS
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Magnetars

Flares

1.05x10°

10°
T
Counts/s

Counts/s
9.5x10*
T

r Time (s)

9x10*
T

I
—200 0 200 400
Time (s)
Mereghetti et al. ‘05 - INTEGRAL ACS

Jeremy S. Heyl Astrophysical Implications of Strong:




Magnetars

That was the bake. Now comes the shake.

As the star cools, the emission
oscillates at many frequencies.

» 92 Hz
» 625 Hz
» 1840 Hz

Power

» Probes the properties of the
crust.

» Higher pressure, higher

frequenc ! : ‘

q y 10 100 1000

» Higher density, lower Frequency (Hz)
frequency Watts, Reddy '07
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Magnetars

That was the bake. Now comes the shake.

le+05 T T T T T T
E 720,976,2384 Hz <—s +—> 1840 Hz
625Hz 4 = = = —-— 150 Hz
M peininintiieiniet
10000 —> 18,26 ilng‘ E|
» Watts and Reddy '07 i
concluded that a thin, i
strange star crust is
probably excluded.
I““(l 1[‘)1) o 2(‘10 3(‘)0
'ime (s)

Watts, Reddy '07
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Magnetars

What if it doesn't crack?

What made us think that the crust was cracking in the first place?

Statistics of SGR flares are similar to earthquakes.

Statistics of solar flares are similar to earthquakes.

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Magnetars

Plasma Physics

(a). Precursor Phase (c). Main Burst Phase (d). Mass Ejection Phase
Reconnection Region

Radio Afterglow

Prominence :
! 1 Expanding

Eruption Ejecta
Baryon-rich 0(10™) g

Prominence

Magnetic Arcades

Evaporation Flow

(b). Quiescent Phase

1
Explosive Energy Release
(via Magnetic Reconnection)

Hard X-ray

Trapped Fireball
Trapped Fircball

\
Baryon-rich Prominence
(Evaporation Matter)

Masada et al. '08, Lyutikov '06
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Magnetars

SGR Precursors

The SGR hyperflares each have been preceded by a small flare.
Can the time between the two flares tell us anything? ci, heyi 10

Plasmoid

Sweet-Parker Layer

SHTCL
Hall Reconnection Layer
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Magnetars

What comprises the surface layers? (Atoms/Molecules)

The atomic physics complicates the
interpretation of the spectra from these
neutron stars. At 3 x 10%3 G, helium
molecules (and chains) could be the
dominant species in the cool
atmospheres of high-B pulsars. At

2 x 101 G, atomic helium dominates
for both magnetars and high-B pulsars.

log o [g/cm’]

log p [g/cm’]

Mori & Heyl '07

-3
5.0 55 6.5 7.0

6.0
log T [K]

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Magnetars

What comprises the surface layers? (H,He,Fe,other)

At the crust of the
neutron star cools over the
first year, nuclear reactions
freeze out before nuclear
statistical equilibrium is
reach. The crust is not
“cold catalyzed nuclear
matter” but contains
significant impurities.

seAr

Log(Relative Abundance)
|
)

LI L L L L L L

1 1 | 1 1 1 | 1

_2x10° 4x10°
Temperature [K]

Hoffman & Heyl '09
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Magnetars

What produces the radiation?

» Thermal radiation from the surface
is supplied by initial heat and field
decay (U =~ M at 103 years and
1015 G). Hetal o7b, 98, 05

» Currents in the twisted
magnetosphere generate hard x-ray
emission through resonant
Compton scattering. Thompson '08; Rea et

al. '08; Nobili et al. '08

» MHD fast modes can produce
non-thermal emission through the
formation of QED-catalyzed
shocks. JH et al. '0b, '07; Brodin et al. 07

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED




Magnetars

To be Il or not to be 117 (1)

» Neutron superfluid and
proton Type-I|
superconductor cannot

coexist in a star with What makes a material Type | orJ

long-period precession. Type 117
Link "03 Do the flux tubes repel or attract
> If the flux tubes carry a each other?

perSiStent current, you get
Type—l Charbonneau & Zhitnitsky '07.

» What does QED say about
thls? Mazur, Heyl

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Magnetars

To be Il or not to be 117 (II)

R J Type Il |
Meet the intermediate state Can the flux tubes move relative
to the fluid?

> Yes Jones '06a

> Not if hot Jones '09

» #5wni
: : r N s
The Open University /ﬁ/
If the domains are small they will
move with the vortex lines; /éx//v
otherwise, they will move as a 7
normal charged Fermi system.
Jones "06b Andreev Reflection (Wikipedia)

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Magnetars

What don't we know?

>

Why are only some high-field neutron stars “magnetars”?

v

Why are “magnetars” hot?

v

How does the crust break? Does it break?

v

How does the field decay? Or grow?

This list is not exhaustive.

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Observations

» Gravity and Extreme Magnetism
SMEX

> To be launched after November 2014

> 35 prime targets, including stellar
black holes, seyfert galaxies and

quasars, blazars, a variety of neutron
stars including pulsars and magnetars,

2 ’./’ -
—~ GEMS

shell supernova remnants and pulsar ity s Extrome

netism SMEX

wind nebulae

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Observations

Thirty Metre Telescope and Bigger

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Observations
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