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How big are compact objects?

White Dwarfs

Gravity yields: P0 ⇠ GM
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What is a neutron star?

I The remnant of the
explosion of massive star.

I A giant atomic nucleus.

I An accurate clock (µs)

I A giant magnet

Dany Page
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How strong can their fields be?

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

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

I A neutron star has a radius
of 10 km.

I Flux freezing: � / BR2.

I B ⇠ 50G (70000)2 ⇠
1011�12G.
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Neutron Stars

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

I Over 2,000 are now
known.

I Lots of flavours – not
even including the
accretors.
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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
Ṗ. The basic premise behind these lines is that the
spin-down of the star is due to magnetic dipole radiation.
In particular we have

Ė = I⌦⌦̇ = �
B

2
p

R

6⌦4 sin2 ↵

6c3

where ⌦ is the angular frequency of the pulsar,
I ⇡ 1045gcm2 is the moment of inertia, B

p

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

Ė = 4 ⇥ 1046erg/s

✓
P

1sec

◆�3
Ṗ = 1013L�P

�3
1 Ṗ, ,

[ surface dipolar magnetic field and age

B

p

= 2.5 ⇥ 1019G
q

ṖP1, ⌧ = 0.5PṖ

�1

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 di↵erent parts of the
light cylinder (c/⌦) and the value of � acquired by an
electron through the EMF. We have (GJ)

�GJ =
B

p

⌦

3c

R

5

r

3
P2(cos ✓).

If we take the Legendre polynomial to be unity this yields

� ⇡ 106Ṗ1/2
P

�7/2
1 . 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

L = LEdd =
4⇡cGMm

p

�
T

= 1.3 ⇥ 1038
M

M�
erg/s.

and L = ṀGM/R. Furthermore, we assume that the
accretion flow surrounding the star is disrupted at the
Alfven radius where magnetic pressure balances ram
pressure

r

A

=

 
B

4
p

R

12

2GMṀ

!1/7

=

 
B

4
p

R

10
GM

2L2

!1/7

.

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

A

,q
GM/r3

A

, yielding L

LEdd
= 5 ⇥ 1015ṖP

�4/3
1 . Note

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

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Outline
Objects

Processes
Magnetars

Observations

Neutron Stars
White Dwarfs
Black Holes

What is a white dwarf?

I The remnant of the
e✏uence of a sun-like star.

I A giant diamond

I An accurate clock (Gyr)

I A giant magnet

HST
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How strong can their fields be?

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

I The magnetic field of the
Sun is about 50 Gauss.

I A white dwarf is the radius
of the Earth.

I Flux freezing: � / BR2.

I B ⇠ 50G (109)2 ⇠
500kG = 50T.

I Magnetic Ap stars have
1 kG fields and are bigger
than the Sun.

I B ⇠ 100MG = 104T.
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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?

I The remnant of the
explosion of a really massive
star.

I A giant nothing

I Stops clocks

I No magnet allowed
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Vacuum Breakdown in an External Field

Le↵ =
~
8⇡2

B2
k

Z 1

0

d⇣

⇣
e�i⇣


ab

B2
k

coth

✓
⇣
a

B
k

◆
cot

✓
⇣
b

B
k

◆
� CT

�

where

(b � ia)2 = (B � iE)2 = |B|2 � |E|2 � 2iE · B
⇥
2(b � ia)2

⇤
= Fµ⌫Fµ⌫ + i✏µ⌫↵�F

µ⌫F↵� ⌘ I + iJ

and

CT =
1

⇣2
+

1

3

a2 � b2

B2
k

(a2 � b2)

Heisenberg-Euler, Weisskopf, Schwinger
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Pair Production Rate

The pair production rate is related to the imaginary part of

Le↵ =
~
8⇡2

B2
k

Z 1

0

d⇣

⇣
e�i⇣


ab

B2
k

coth

✓
⇣
a

B
k

◆
cot

✓
⇣
b

B
k

◆
� CT

�
.

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

I In general,

w =
1

⇡

✓
~
mc

◆�3✓ ~
mc2

◆�1 ab

B2
k

1X

n=1

1

n
coth

✓
n⇡b

a

◆
exp

✓
�n⇡

B
k

|a|

◆
.

I For weak magnetic fields (a � b),

w ⇡ 1

⇡2

✓
~
mc

◆�3✓ ~
mc2

◆�1 a2

B2
k

dilog [1 � exp(�⇡B
k

/|a|)] .

I For strong magnetic fields (b � a),

w ⇡ � 1

⇡

✓
~
mc

◆�3✓ ~
mc2

◆�1 ab

B2
k

log [1 � exp(�⇡B
k

/|a|)] .
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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.

Aµ =
1

2
B0

✓
 µ +

2J

M
⌘µ

◆
� Q

2M
⌘µ

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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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 = E0 + �E,B = B0 + �B,Fµ⌫ = (F0)
µ⌫ + f µ⌫ .

We have two possibilities.

1. k�
e

� ⌧ 1: we pretend that the photon field is also uniform and
expand the e↵ective Lagrangian density.

2. k�
e

� & 1: we have to expand the action itself.
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How It Works

S = S0 +
1

2
f µ⌫ f ↵� �2S

�f µ⌫�f ↵�
S = S0 +

1

2
f µ⌫ f ↵� �2S

�f µ⌫�f ↵�

+
1

6
f µ⌫ f ↵�f �⌧ �3S

�f µ⌫�f ↵��f �⌧
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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.

I The Lagrangian density and the action are gauge invariant, so
they can only depend on gauge invariant quantities, i.e. Fµ⌫ .

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

I If the field and the perturbation can be taken to be uniform
(kµ ! 0), then we can use the Lagrangian density which can
only depend on I = Fµ⌫Fµ⌫ = 2(b2 � a2) and

K = J2 =
�
✏µ⌫↵�F

µ⌫F↵�
�2

= (�4ab)2
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The Lagrangian Density

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

Le↵ =
~
8⇡2

B2
k

Z 1

0

d⇣

⇣
e�i⇣


ab

B2
k

coth

✓
⇣
a

B
k

◆
cot

✓
⇣
b

B
k

◆
� 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

Le↵ =
↵

8⇡2
B2
k

Z 1

0

d⇣

⇣
e�⇣


� ab

B2
k

cot

✓
⇣
a

B
k

◆
coth

✓
⇣
b

B
k

◆
+ CT

�
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The Lagrangian Density

Le↵ =
↵

8⇡2
B2
k

Z 1

0

d⇣

⇣
e�⇣


� ab

B2
k

cot

✓
⇣
a

B
k

◆
coth

✓
⇣
b

B
k

◆
+ CT

�

This expression is manifestly real, so if a 6= 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 Heyl, Hernquist 97a

Le↵ =
e2

hc
⇠2B2

k

X0

✓
1

⇠

◆
+

e2

hc

K

B2
k

X1

✓
1

⇠

◆
+

e2

hc

K 2

B2
k

X2

✓
1

⇠

◆
+ · · · .

for nearly wrenchless fields where ⇠2 = (b2 � a2)/B2
k

.
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The Lagrangian Density

Le↵ =
e2

hc

I

2


X0

✓
1

⇠

◆
+

K

8I 2
X1

✓
1

⇠

◆
+

K 2

384I 4
X2

✓
1

⇠

◆
+ · · · .

�

where

X0(x) = 4

"Z
x/2+1

1
ln �(v)dv � lnA

#
� 1

3
ln
⇣x
2

⌘
+ x [1 � ln(⇡x)]

+x2

3

4
� 1

2
ln
⇣x
2

⌘�
, lnA =

1

12
� ⇣(1)(�1) = 0.248754477.
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The Mother Function, X0(x)

Some neat facts about X0(x),

I For pure electric fields, the value of ⇠ is imaginary and X0(x)
is complex and gives the value of the Lagrangian density
before the Wick rotation, even the imaginary part.

I The derivatives of the Lagrangian density with respect to K ,
X1(x) and X2(x), can be expressed as derivatives of X0(x).

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

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

X0(x) = 4

"Z
x/2+1

1
ln �(v)dv � lnA

#
� 1

3
ln
⇣x
2

⌘
+ x [1 � ln(⇡x)]

+x2

3

4
� 1

2
ln
⇣x
2

⌘�
, lnA =

1

12
� ⇣(1)(�1) = 0.248754477.

X1(x) = �2X0(x) + xX
(1)
0 (x) +

2

3
X

(2)
0 (x) � 2

9

1

x2

X2(x) = �24X0(x) + 9xX (1)
0 (x) + (8 + 3x2)X (2)

0 (x) + 4xX (3)
0 (x)

� 8

15
X

(4)
0 (x) +

8

15

1

x2
+

16

15

1

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
�BkB, so �I = 8B�B and �J = 0, and

2. The perpendicular mode where �B ? B, so �I = 0 and
�J = �4B�E .

3. Because @2LE↵/@I@J = 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,

n? = 1 � ↵

4⇡
X1

✓
1

⇠

◆
sin2 ✓,

nk = 1 +
↵

4⇡


X

(2)
0

✓
1

⇠

◆
⇠�2 � X

(1)
0

✓
1

⇠

◆
⇠�1

�
sin2 ✓

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

n? = 1 +
7↵

90⇡
⇠2

1 + 1.2⇠

1 + 1.35⇠ + 0.56⇠2
, nk = 1 +

↵

6⇡

⇠2

3.75 + 2.7⇠5/4 + ⇠2

Heyl, Hernquist 97b
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Index of Refraction

What could be a signature
of this birefringence?

I A time delay: �t ⇠
10�3R/c ⇠ 10ns?

I Magnetic lensing?
Shaviv et al. 99

I These all seemed a
bit too subtle.

I We were literally
staring at the answer.

Magnetic Field [Gauss]

n
?

�
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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.

@s
@l

= ⌦̂ ⇥ s

where
���⌦̂
��� = �k . The vector s = (S1, S2, S3)/S0 or (Q,U,V )/I .
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Stokes Parameters and the Poincaré Sphere

An important analytic solution.

What if @⌦̂
@l = ⌥̂ ⇥ ⌦̂?

1. Move into frame that
corotates with ⌦̂.

2. In this frame we have

@s
@l

=
⇣
⌦̂ � ⌥̂

⌘
⇥ s

3. s orbits ⌦̂E↵ if
������
⌦̂

 
1

|⌦̂|
@|⌦̂|
@l

!�1
������
& 0.5

Heyl, Shaviv 00
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Polarization-Limiting Radius

The radius at which the polarization stops following ⌦̂ 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

���⌦̂
��� =

↵

4⇡

2

15

✓
B

BQED

◆2 c

!
sin2 ✓,

������
⌦̂

�����
1

|⌦̂|
@|⌦̂|
@l

�����

�1
������
= �n

c

!

r

6

Therefore, the polarization-limiting radius is

r . rpl ⌘
⇣ ↵
45

⌫

c

⌘1/5✓ µ

BQED
sin�

◆2/5

⇡ 1.2 ⇥ 107
✓

µ

1030 Gcm3

◆2/5 ⇣ ⌫

1017 Hz

⌘1/5
(sin�)2/5 cm,
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Why does this matter?
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Why does this matter?

Quasi-Tangential Region Wang, Lai 09

Heyl, Shaviv 02
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This is not subtle.

Let’s recap.

I Neutron star atmospheres
emit polarized light.

I The emission varies across
the surface.

I The rotating magnetic field
twists the polarization.

X
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Realistic Hydrogen Atmosphere

1012G 1014G
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. L

a�� = �1
4 g a Fµ⌫ F̃

µ⌫ = g aE · B

ic
d

dz

2

4
a
Ek
E?

3

5 =

2

4
! +�

a

�
M

0
�

M

! +�k +�
p

�12!/2
0 �21!/2 ! + �22!/2

3

5

2

4
a
Ek
E?

3

5,

where using � = B sin ✓/BQED we have the QED and axion
contributions

�k =
7↵

90⇡
q̂�2!,�

a

= �m2
a

2!
,�

M

=
g m2

e

2
�,�22 =

4↵

45⇡
�2m̂+�22,p

Lai, Heyl 06
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Three-State Equation

ic

d

dz

2

4
a

Ek
E?

3

5 =

2
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�12!/2
0 �21!/2 ! + �22!/2
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2

4
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Ek
E?

3
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where using � = B sin ✓/BQED we have QED, axion and plasma terms

�k =
7↵

90⇡
q̂�2!, �
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m

2
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, �
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=
g m

2
e

2
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4↵
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�
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!v

e

2

"
cos2 ✓

1 � u

e

+ sin2 ✓

#
, �12 = ��21 = i

v

e

u

1/2
e

1 � u

e

cos ✓, �22,p = �
v

e

1 � u

e

where u

e

= !2
ce

/!2, v
e

= !2
pe

/!2, !
ce

= m

e

c

2⇠/~ and !
pe

= (4⇡n

e

e

2/m
e

)1/2. The values of m̂ and q̂ are

of order unity for small fields and

q̂ =
1 + 1.2⇠

1 + 1.33⇠ + 0.56⇠2
, m̂ =

1

1 + 0.72⇠5/4 + (4/15)⇠2
.
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Resonances

If the second and third diagonal
elements are equal, we have a
resonance between the two
photon modes.
If the first and second diagonal
elements are equal, we have a
resonance between the photon
and the axion.
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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 & Ead = 2.52 (f tan ✓|1 � u
i

|)2/3 ⇥
✓
1cm

H⇢

◆1/3

keV

and the conversion probability is

Pcon = 1 � exp
h
�(⇡/2) (E/Ead)

3
i
.

Lai, Ho 03
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Vacuum-Plasma Resonance

For large strengths of the magnetic field, the
vacuum resonance may lie between the
photospheres

B & B
l

h 6.6 ⇥ 1013T�1/8
6 E

�1/4
1 S�1/4G

where S = 1 � e�E/kT .
This can have a strong e↵ect on the appearance of
spectral features and the high-energy slope. Ho, Lai 04
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Vacuum-Plasma Resonance

B = 4 ⇥ 1013G B = 1014G Ho, Lai 04
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Axion-Photon Resonance

With generous parameters for the
axion (g = 10�6 GeV�1),
m

a

= 10�3 eV), we can get
substantial conversion to the
axion, resulting in strongly
polarized light.
However, we already expect the
neutron atmospheres to be
strongly polarized, so it wouldn’t
be a clear signature.

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

White dwarfs have exquisite
polarimetric observations, finding
no linear polarization to the few
percent level.
Their fields are weaker 108�9 G,
but the stars are bigger, and we
know the field geometry.

Gill, Heyl 11
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Axions and White Dwarfs

Assuming that we model
the field in the gigagauss
white dwarfs,
PG 1031+234 and
SDSS J234605+385337 as
well as Euchner et al 2006
did for PG 1015+015, the
observed minimum
polarization of a few
percent excludes some of
the currently allowed
region for axion-like
particles. ma (eV)

g a
�
�
(G

eV
�
1
)
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Photon Splitting Cascades

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

k !? + ?

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 .
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Photon Splitting Cascades

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

Photon Splitting - Gamma Rays

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

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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The Magnetars — Why?

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

I Energetics (1040W over
0.1 s),

I Timescales (bursts),

I Cooling (field decay).
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What are magnetars?

I Neutron stars with magnetic fields larger, than
BQED = m2c3/(e~) ⇡ 4.4 ⇥ 1013G,

I Magnetically powered neutron stars,

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

I Isolated neutron stars that are too hot for their age,

I All of these criteria play a role.

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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Extreme Physics

I Magnetic stresses exceed
yield stress of the crust
(Thompson & Duncan ’95)

I Strongly distorted atoms
(Thirumalai & Heyl ’09)

I Radiative corrections of
QED (Thompson, Heyl, Lai, etc.)

I Magnetar quakes (Strohmayer,

Watts, etc.)

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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How does the field evolve?

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

I Gradual decay of the
magnetic field powers the
quiescent emission, (Heyl &

Kulkarni ’98; Thompson & Duncan ’96)

I As the crust cracks the
magnetic field suddenly
shifts, powering the flares.
(Thompson & Duncan ’95)

Modes of magnetic field decay
Goldreich & Reisenegger ’92

I Ohmic decay

tOhm ⇡ 2 ⇥ 1011
L

2
5

T

2
8
yr

I Hall drift
tHall ⇡ 5 ⇥ 108

L

2
5T

2
8

B12
yr

I Ambipolar di↵usion
tirr,amb ⇡ 5 ⇥ 1015 1

T

6
8B

2
12

yr

tsol,amb ⇡ 3 ⇥ 109
L

2
5T

2
8

B

2
12

yr
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Evidence of magnetic field decay
2

TABLE I: Properties of NSs with reported thermal emission.
Bd is estimated by assuming spin-down from dipole radiation,

Bd = 3.2 � 1019
�

PṖ G, where P is the spin period and Ṗ
is its time derivative. Except for RXJ1856.4�3754 (see foot-
note), Bo was estimated assuming observed x-ray absorption
features are proton cyclotron lines. Ages are spin-down ages
(P/2Ṗ ) except for RXJ1856.4�3754.

Source kT Bd (Bo) Age Ref.

(keV) (1013 G) (kyr)

Magnetars

SGR 0526-66 0.53 74 1.9 [8]

SGR 1900+14 0.43 57 1.3 [8]

CXOU J0100-7211 0.38 39 6.8 [9]

4U 0142+61 0.46 13 70 [8]

1E 1048.1-5937 0.63 39 1-8 [8]

1RXSJ1708-4009 0.44 47 9.0 [8]

XTE J1810-197 0.67 29 5.7 [8]

1E 1841-045 0.44 71 4.5 [8]

1E 2259+586 0.41 6 220 [8]

P > 3 s

RXJ0420.0�5022 0.044 < 18 (6.6) [10]

RXJ0720.4�3125 0.090 2.4 (5.6) 1900 [10]

RXJ0806.4�4123 0.096 < 14 (6.1) [10]

RBS1223 0.086 3.4 (4.6) 1461 [10]

RXJ1605.3+3249 0.096 (8.0) [10]

RXJ1856.4�3754 0.062 (1) a (500) [10, 11]

RBS1774 0.102 < 24 (15) [10]

CXOU J1819-1458 0.120 5.0 117 [12]

PSR J1718-3718 0.145 7.4 34 [13]

PSR B2334+61 0.056 1.0 41 [14]

P < 0.5 s

Geminga 0.03-0.04 0.16 340 [15, 16]

PSR B1055-52 �0.06 0.11 530 [16]

PSR B0656+14 0.059-0.12 0.467 110 [16]

PSR J1119-6127 0.207 4.1 1.6 [17]

Vela 0.056-0.061 0.34 11 [18]

PSR B1706-44 0.04-0.07 0.3 17 [19]

PSR J0205+6449 < 0.094 0.36 5 [20]

Crab < 0.17 0.38 1.2 [21]

aIn the case of RX J1856.4�3754 the magnetic field was estimated
from the spin-down luminosity required to power its H↵ emission
nebula [11].

band between 0.03-0.2 keV with low fields (<⇠ 1012 G)
since we already see such hot stars at high fields (>⇠ 1013

G), and stars with fields of ⇠ 1012 G are ⇠ 100 times
more numerous than those with fields of ⇠ 1013 G. The
dearth of hot stars at fields below ⇠ 1012 G, therefore, is
almost certainly not due to a selection e�ect. While it is

FIG. 1: Te� vs. Bd of isolated NSs. Represented with di�erent
symbols are SGRs (stars), AXPs (diamonds), slowly-rotating
(P > 3 s) NSs (squares) and rapidly-rotating (P < 0.5 s)
NSs (triangles). Red symbols correspond to young (< 104

yr) NSs. Symbols with arrows indicate upper limits. The
blue squares are isolated NSs for which the magnetic field
was estimated from the association of a spectral feature with
a proton cyclotron resonance. We show how two of these
(RXJ0720.4�3125 and RBS1223) move to the left if their
fields inferred from cyclotron lines are replaced by Bd. The
solid line is the is an illustration of heating balanced by cool-
ing, for b = 100 (see eq. 3).

true that very high-field stars are rare and therefore more
distant on average, giving a preference to seeing objects
with high Te� , continuing surveys of higher sensitivity
have failed to reveal sources cooler than shown in Fig. 1
above 1013 G after years of observation. Taken together,
these facts strongly suggest that the trend we are see-
ing is real, though population simulations might be able
to provide a definite answer. The natural interpretation
of this diagram is that stars with fields of ⇠ 1012 G cool
much more rapidly than stars with fields of ⇠ 1013 G and
higher. It is generally believed that magnetars are kept
hot by decay of their strong magnetic fields. We propose
that the same is happening in NSs with fields down to
⇠ 1013 G.

Aside from the interpretation of bursts in magnetars as
representing large-scale field evolution and decay, there
is no convincing observational evidence for magnetic field
decay in the NS population as a whole. Statistical stud-
ies of the entire NS population have generally found that
continuous exponential decay of the dipole component of
NS magnetic fields, if it occurs, cannot happen over time
scales shorter than ⇠ 108 yr (e.g., [24], but see [25]). We
suggest that the general trend of Fig. 1 can be explained
by the decay of crust currents in stars with Bd

>⇠ 1013;

these stars constitute only ⇠ 5% of the stellar popula-
tion, so there is no obvious conflict with the conclusions
cited above against field decay in the stellar population
as a whole. Moreover, we do not claim that Bd decays

Pons et al. ’07
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Flares

I And they have the
biggest repeating
explosions in the
universe!

I The explosions are so
big that they reionize
the Earth’s
atmosphere.

They have a huge spike of
radiation plus a periodic
signal of a few seconds as
the star cools.

Inan et al. ’99

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Outline
Objects

Processes
Magnetars

Observations

Flares

Mereghetti et al. ’05 - INTEGRAL ACS
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Mereghetti et al. ’05 - INTEGRAL ACS
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That was the bake. Now comes the shake.

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

I 92 Hz

I 625 Hz

I 1840 Hz

I Probes the properties of the
crust.

I Higher pressure, higher
frequency

I Higher density, lower
frequency

– 21 –

Fig. 5.— Average power spectra from the time interval in which the 625 Hz oscillation was
first detected. Shown are average power spectra computed from two consecutive cycles. The

top panel includes the pulsation cycle shown in Figure 3, and the preceeding cycle (same
as in Figure 4, only plotted with lower frequency resolution). The bottom panel shows the

spectrum from an earlier, 2-cycle time interval, beginning six cycles before that shown in
Figure 3. In each case the frequency resolution is 10.66 Hz. In each spectrum a horizontal
dotted line marks a 4� (one trial) deviation. The 625 and 1,840 Hz features are detected in

the top spectrum, while several di�erent frequencies are suggested in the bottom spectrum.
See the text for more details.

Watts, Reddy ’07
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That was the bake. Now comes the shake.

I Watts and Reddy ’07
concluded that a thin,
strange star crust is
probably excluded.

– 26 –
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Fig. 10.— The time periods when the di�erent QPOs are detectable in either the RXTE
or RHESSI datasets. Solid lines indicate QPOs that are detected in the Peak 2/Interpulse

region. Dashed lines indicate QPOs that are detected primarily during Peak 1. The di�erence
in properties between the two ⇡ 625 Hz QPOs, the earlier one detected by RHESSI and the

later one by RXTE, is clear.

Watts, Reddy ’07
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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.
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Plasma Physics

Solar-type Theoretical Model for Magnetar Giant Flare 5

FIG. 3.— Schematic picture of our theoretical model for magnetar giant flare based on the solar flare/CME theory. (a). The magnetic energy stored in the lower
magnetosphere is released via the magnetic reconnection. (b). The energy released by the reconnection is rapidly transported to the magnetar surface by photon
flux and heats the magnetar crust suddenly. Then its crustal plasma pressure increases enormously and drives the upward evaporation flow into the reconnected

magnetic loops, creating a hot dense prominence with the massMev � 1024 g. (c). The evaporated matter is lifted up by the magnetic flux expelled from magnetar
interior. Then the two separated structures are formed in magnetosphere, one is upper baryon-rich prominence and another is the lower baryon-poor magnetized
corona. The prominence eruption causes the field reconfiguration globally and trigger the main burst via explosive magnetic reconnection. (d). The released
magnetic energy during the main burst phase is converted into the kinetic energy of the erupting prominence and radiative energy of the trapped fireball. The
ejected prominence is the origin of the radio nebula and remained trapped fireball is that of the pulsating hard X-ray tail.

�lattice and the thermal energy �th
�tot� �lattice + �th

= 1.6⇥ 10!9Z5/326 n
1/3
crust,28 +1.4⇥ 10!10Tcrust,6 ergs ,(28)

(see Shapiro & Teukolsky 1983) where Z26 = Z/26 is
the atomic number normalized by that of iron, ncrust,28 =

ncrust/1028 cm!3 is the normalized crustal density, and Tcrust,6 =

Tcrust/106 K is the normalized crustal temperature. Since the
Coulomb lattice energy becomes predominant in the dense
crustal surface, the total number of the evaporating nuclei N
should satisfy the following equation

Eflare � N�lattice �
Z l

0

4⇡R2ncrust(r)�lattice dr , (29)

where l is the photon traveling depth through the magnetar
crust. We can describe the crustal density distribution ncrust(r)
from the hydrostatic equilibriumwith the surface gravity g14 =
g/1014 g sec!2 and the pressure of a degenerate, relativistic
Fermi gas in the strong magnetic field Pe � ⇡2h̄2c2n2crust/(3eB)
as

ncrust(r)� 2.4⇥ 1028B15g14 r , (30)

(Thompson & Duncan 1995). Substituting the equation (30)
into (29), the traveling depth of the photon through the crust
is written as

l = 4.6⇥ 103E3/7flare,41R
!6/7
6 B

!4/7
15 g

!4/7
14 cm . (31)

The amount of the surface material heated by the direct col-
lision between the high-energy photon and the crustal matter
is, therefore,

Mev = 4⇡R
2mB

Z l

0

n(r) dr (32)

= 5.4⇥ 1024R2/76 B
!1/7
15 g

!1/7
14 E

6/7
flare,41 g .

This is consistent with the equation (12) derived in the frame-
work of solar chromospheric evaporation theory. The photon-
heated material is the source supplying the evaporated bary-
onic matter.

4.3. Baryonic Origin: Preflare Phase v.s. Main Burst Phase

For revealing the dynamics of magnetar flare, it is im-
portant to clarify the suitable phase for supplying the bary-
onic matter loaded in the ejecta. There are two candidates
for the baryonic matter supplying phase, that is, of course,
preflare and main burst phases. The evaporating baryonic
mass in each phases are described in equations 15 and 18,
Mpre ⇠ 1024 g and Mmain � 1026 g respectively. Since the
observational constraint on the baryonic mass loaded in the
ejecta is Mej & 1024.5 g (Gelfand et al. 2005; Granot et al.
2006), both estimations can explain the origin of the baryon
load in the ejecta. The other physical constraint, however,
restricts the suitable phase for the mass loading. The gravi-
tational binding energies of the evaporating baryonic matter
are, in each phases Eg,pre, Eg,main,

Eg,pre� 9.9⇥ 1044MNST
3
pre,8R6�t0 ergs , (33)

Eg,main� 7.8⇥ 1047MNST
3
main,9R6�t!1 ergs . (34)

We find from equation (34) that the released-energy in the
main burst phase Emain ⇠ 1046 ergs is much smaller than the
binding energy of the evaporating matter. It should be thus
trapped on the magnetar surface. It must be the preflare phase
that provides the baryonic matter into the erupting ejecta. The
explosive energy, released in the main burst phase, can be
used for the acceleration of it.

5. SUMMARY

Masada et al. ’08, Lyutikov ’06
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SGR Precursors

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

V
NS

Sweet-Parker Layer

Hall Reconnection Layer
SHTCL

Plasmoid
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What comprises the surface layers? (Atoms/Molecules)

The atomic physics complicates the
interpretation of the spectra from these
neutron stars. At 3 ⇥ 1013 G, helium
molecules (and chains) could be the
dominant species in the cool
atmospheres of high-B pulsars. At
2 ⇥ 1014 G, atomic helium dominates
for both magnetars and high-B pulsars.
Mori & Heyl ’07
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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.

Ho↵man & Heyl ’09

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED



Outline
Objects

Processes
Magnetars

Observations

What produces the radiation?

I Thermal radiation from the surface
is supplied by initial heat and field
decay (U ⇡ M at 103 years and
1015 G). JH et al. ’97b, ’98, ’05

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

al. ’08; Nobili et al. ’08

I MHD fast modes can produce
non-thermal emission through the
formation of QED-catalyzed
shocks. JH et al. ’05b, ’07; Brodin et al. ’07

14 Nanda Rea et al.

1 102 5

1
0
!

3
0

.0
1

!
F
!
 (

k
eV

2
 P

h
o

to
n

s/
cm

2
 s

 k
eV

)

Energy (keV)

1E 1048!5937

1
0
!

3
0
.0

1
0
.1

1

C
o
u
n
ts

/s
/k

e
V

1E 1048!5937

1 102 5

!
5

0
5

"

Energy (keV)
1 102 5

1
0
!

3
0

.0
1

!
F
!
 (

k
eV

2
 P

h
o

to
n

s/
cm

2
 s

 k
eV

)

Energy (keV)

1E 1048!5937

Fig. 4.— 1E 1048-5937 : left column represents the spectra in Counts/s/keV while in the right column we report the νFν plots. The
upper panels are relative to the modeling with a blackbody plus one power-law (BB+PL), while bottom panels report the resonant cyclotron
scattering model (RCS). See Tab. 4 and § 4.2 for details. Black, blue, and light-green colors are relative to observations taken in 2007, 2005
and 2003, respectively. The red lines represent the total model, while the dashed lines are the single components.

Table 4

Spectral Parameters: 1E 1048-5937

AXP 1E1048-5937
2003 2005 2007

Parameters BB+PL RCS BB+PL RCS BB+PL RCS
NH 1.68+0.03

−0.03 0.98+0.04
−0.04 1.56+0.05

−0.04 0.73+0.04
−0.04 1.71+0.04

−0.03 0.82+0.05
−0.05

kT (keV) 0.63+0.02
−0.02 0.39+0.04

−0.04 0.64+0.03
−0.04 0.44+0.05

−0.04 0.73+0.01
−0.01 0.45+0.05

−0.05

BB norm 1.01+0.05
−0.05 × 10−4 0.7+0.1

−0.1 × 10−4 3.00+0.08
−0.08 × 10−4

Γ1 3.31+0.02
−0.04 3.18+0.03

−0.04 3.20+0.07
−0.07

PL1 norm 1.10+0.13
−0.04 × 10−2 0.7+0.1

−0.2 × 10−2 2.2+0.1
−0.1 × 10−2

βT 0.29+0.02
−0.02 0.35+0.02

−0.04 0.29+0.05
−0.05

τres 2.7+0.2
−0.4 2.0+0.1

−0.5 4.7+0.2
−0.2

RCS norm 1.9+0.1
−0.1 × 10−4 1.01+0.08

−0.11 × 10−4 3.0+0.1
−0.1 × 10−4

Flux 1–10keV 1.1+0.4
−0.4 × 10−11 1.1+0.4

−0.4 × 10−11 0.8+0.3
−0.4 × 10−11 0.8+0.4

−0.4 × 10−11 3.0+0.5
−0.4 × 10−11 3.0+0.7

−0.6 × 10−11

χ2
ν (dof) 0.99 (176) 0.98 (176) 0.99 (153) 1.00 (153) 1.08 (184) 1.23 (184)

Note. — Best fit values of the spectral parameters obtained by fitting several ∼1–10 keV XMM–Newton spectra, taken in different source
states, with a blackbody plus power-law model (BB+PL), and with a resonant cyclotron scattering model (RCS). Errors are at 1σ confidence
level, reported fluxes are absorbed and in units of erg s−1cm−2 , and NH in units of 1022 cm−2 and assuming solar abundances from Lodders
(2003); 2% systematic error has been included. See also Fig.4 and § 4.2 for details.
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To be II or not to be II? (I)

I Neutron superfluid and
proton Type-II
superconductor cannot
coexist in a star with
long-period precession.
Link ’03

I If the flux tubes carry a
persistent current, you get
Type-I Charbonneau & Zhitnitsky ’07.

I What does QED say about
this? Mazur, Heyl

What makes a material Type I or
Type II?

Do the flux tubes repel or attract
each other?

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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To be II or not to be II? (II)

Type I

Meet the intermediate state

The Open University

If the domains are small they will
move with the vortex lines;
otherwise, they will move as a
normal charged Fermi system.
Jones ’06b

Type II

Can the flux tubes move relative
to the fluid?

I Yes Jones ’06a

I Not if hot Jones ’09

Andreev Reflection (Wikipedia)
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What don’t we know?

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

I Why are “magnetars” hot?

I How does the crust break? Does it break?

I How does the field decay? Or grow?

This list is not exhaustive.

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

I Gravity and Extreme Magnetism
SMEX

I To be launched after November 2014

I 35 prime targets, including stellar
black holes, seyfert galaxies and
quasars, blazars, a variety of neutron
stars including pulsars and magnetars,
shell supernova remnants and pulsar
wind nebulae

Jeremy S. Heyl Astrophysical Implications of Strong-Field QED
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Thirty Metre Telescope and Bigger
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