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The Low-Energy Frontier

I With the discovery of the Higgs, what is left to discover in the
standard model and what needs to change?

I At low energies, we have neutrino masses
(Dirac/Majorana/sterile)

I CP-violation in QCD

I Charge radius of protons differs between muons and electrons.

I Muon g − 2

I Non-linear interaction of light with light.
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Birefringence

Effective Action

For a magnetic field the effective
action is the free energy of the
system (actually minus the free
energy).

Γ[A0
µ] =

∫
dx4

(
−1

4
F 0
µνF

0,µν

)
− i~Tr ln

[
Π/−m

p/−m

]
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The QED Lagrangian

Leff =
~

8π2
B2
k

∫ ∞
0

dζ

ζ
e−iζ

[
ab

B2
k

coth

(
ζ
a

Bk

)
cot

(
ζ
b

Bk

)
− CT

]
where

(b − ia)2 = (B− iE)2 = |B|2 − |E|2 − 2iE · B[
2(b − ia)2

]
= FµνFµν + iεµναβF

µνFαβ ≡ I + iJ

and

CT =
1

ζ2
+

1

3

a2 − b2

B2
k

(a2 − b2)

Heisenberg-Euler, Weisskopf, Schwinger
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Field and Photons

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

E = E0 + δE,B = B0 + δB,Fµν = (F0)µν + f µν .

We have two possibilities.

1. kλe− � 1: we pretend that the photon field is also uniform and
expand the effective Lagrangian density.

2. kλe− & 1: we have to expand the action itself.

Jeremy S. Heyl X-ray Polarization and Fundamental Physics High-throughput X-ray Astronomy in the eXTP Era



Outline
Standard Model

QED Effective Action
How It Works

Magnetars
Summary

Birefringence

Field and Photons

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

E = E0 + δE,B = B0 + δB,Fµν = (F0)µν + f µν .

We have two possibilities.

1. kλe− � 1: we pretend that the photon field is also uniform and
expand the effective Lagrangian density.

2. kλe− & 1: we have to expand the action itself.

Jeremy S. Heyl X-ray Polarization and Fundamental Physics High-throughput X-ray Astronomy in the eXTP Era



Outline
Standard Model

QED Effective Action
How It Works

Magnetars
Summary

Birefringence

How It Works

S = S0 +
1

2
f µν f αβ

δ2S

δf µνδf αβ
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Birefringence

Index of Refraction

∆n = 4× 10−24T−2B2

What could be a signature
of this birefringence?

I A time delay: ∆t ∼
10−3R/c ∼ 10ns?

I This seems a bit too
subtle.
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The Polarization-Limiting Radius
Sources

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; they
simply write an equation to track the four Stokes parameters of
the polarization light.

∂s

∂l
= Ω̂× s

where
∣∣∣Ω̂∣∣∣ = ∆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 ∂Ω̂
∂l = Υ̂× Ω̂?

1. Move into frame that
corotates with Ω̂.

2. In this frame we have

∂s

∂l
=
(

Ω̂− Υ̂
)
× s

3. s orbits Ω̂Eff if∣∣∣∣∣∣Ω̂
(

1

|Ω̂|
∂|Ω̂|
∂l

)−1∣∣∣∣∣∣ & 0.5
Heyl, Shaviv 00
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Polarization-Limiting Radius

The radius at which the polarization stops following the
birefringence is called the polarization-limiting radius. Beyond here
the modes are coupled.

The polarization-limiting radius for a dipole field is

rpl ≡
( α

45

ν

c

)1/5( µ

BQED
sinβ

)2/5

≈ 1.9× 107
(

µ

1030 G cm3

)2/5( E

4 keV

)1/5

(sinβ)2/5 cm,
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Why does this matter?

rpl/R = 0

rpl/R = 1.9 (AM Her, AMSP)

Heyl, Shaviv, Lloyd 03
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Places to Look

Radius Magnetic Field µ30 rpl at 4 keV

Magnetar 106 1015 1033 3.0× 108

ms XRP 106 109 1027 1.2× 106

AM Her 109 108 1035 1.9× 109
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Magnetar Emission

Caiazzo & Heyl 2016; 4U 0142+61 Taverna et al. 2016; SGR 1806-20 (350ks)
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Realistic Hydrogen AtmospherePhysics and Astrophysics of Strong Magnetic Field systems with eXTP

To Do #1
•Simulate with XIPE QED effects from thermal 
component of the atmosphere, and combine 

Linear polarization for hydrogen atmospheres with Teff=106.5 K neutron stars and 
magnetic moment 30 degrees from the line of sight (astro-ph/050235)

Figure 15: The expected fraction of linear polarization from the surface of strongly magnetized neutron stars with
hydrogen atmospheres and e↵ective temperatures of 106.5 K. (from Heyl et al. 2005).

4.2 Neutron Stars

Where this e↵ect is the strongest ist for magnetars whose fields range from 1014 to 1015 G. It is for these objects
that the calculations are most comprehensive. Vacuum birefringence increases the expected linear polarization
of the x-ray radiation from the surface of a neutron star from about 5-10% to nearly 100% (Heyl et al. 2005). It
is nearly as strong for neutron stars with more typical magnetic fields of 1012 G. Fig. 15 depicts the results for a
typical magnetic field and for the magnetar. For the magnetar at the high photon energies observed by eXTP
the e↵ect essentially saturates. Without QED the observed polarization is small at most 20% and depends on
the radius of the star. With QED the polarization is nearly 100%. For the more weakly magnetized star, the
polarized fraction at high energies is also much higher than without QED but tantalizingly it is not saturated and
it depends on the radius of the neutron star.

Depending on the particular source the emission from thermal magnetars typically peaks around 2-3 keV
where the eXTP will have an e↵ective area of about 200 cm2 with the gas-pixel detector (GPD) for polarization
sensitivity. The 100% polarized radiation from the magnetar will result in about 40% modulation in the detector.
Using the AXP 4U 0142+614 as an auspicious example because its thermal emission is strong, we would expect
to detect about 0.5 photons per second with energies between 2 and 4 keV with the GPD. A observation of 100 s
would detect about 200 photons which would be su�cient to detect the QED e↵ect depicted in Fig. 15, allow
us to reject the QED-o↵ models with p ⇠ 2 ⇥ 10�4 if one could resolve the polarization over the phase of the
rotation of the star. Of course, this calculation is rudimentary and optimistic, but it does show that verifying this
QED e↵ect is well within the grasp of eXTP.

With the discovery of the QED e↵ect with eXTP, there are two natural directions to proceed. One is to use the
QED e↵ect to probe the other physical processes occurring in the source. The second is to measure the strength
of the QED e↵ect, e↵ectively measuring the index of refraction of the magnetized vacuum. The left panel of
Fig. 15 and Fig. 16 demonstrate this first avenue. In Fig. 15 we see how measurements of the polarized fraction
of the surface emission at photon energies of few keV could provide an estimate of the radius of the neutron star
(or more precisely R1 = R[1 � 2GM/(c2R)]�1/2). Although the figure shows the surface field, the strength of the
QED e↵ect depends on the strength of the dipole moment of the neutron star which can be estimated in principle
from its spin down, independent of the assumed radius of the star. For this to work, we would have to observe a
more weakly magnetized neutron star that still exhibits thermal emission from the surface up to a few keV where
eXTP is sensitive, yet not so weak that one does not expect the thermal emission to be polarized at the surface

Page 20 of 23
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RX J1856.5-3754

Mignami et al. 2016
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Places to Look

Radius Magnetic Field µ30 rpl at 4 keV

Magnetar 106 1015 1033 3.0× 108

ms XRP 106 109 1027 1.2× 106

AM Her 109 108 1035 1.9× 109

XRP 106 1012 1030 See Ilaria’s talk
Black Hole 106+ ? N/A
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