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Vacuum	Birefringence

vacuum in presence of a magnetic field 
acquires an index of refraction n.

In quantum electrodynamics, photons can 
couple with each other via the production of 
virtual electron-positron pairs. 

From Heisenberg and Euler effective Lagrangian:
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Heyl & Shaviv 1999

For a strong enough B, the polarization modes are decoupled, and the 
polarization direction follows the direction of the magnetic field. 
The radius at which the polarization stops following the magnetic field is 
called the polarization-limiting radius
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QED	effect	on	X-ray	pulsars

Heyl, Shaviv, Lloyd 2003

Polarization at the surface

rpl/R = 0



QED	effect	on	X-ray	pulsars

Heyl, Shaviv, Lloyd 2003

Polarization at the surface

rpl/R = 12 (XRP)rpl/R = 0

Polarization at the 
polarization limiting radius
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Polarization at the 
polarization limiting radius

Quasi-tangential region 
Wang & Lai, 2009



QED	effect	on	X-ray	pulsars

Caiazzo & Heyl, in preparation

Polarization degree from Her-X1. Black dots are a 150ks simulation with eXTP 
Atmospheres models: Mészáros 1988
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Vacuum	resonance

Lai & Ho, 2003

Deep in the atmosphere of the neutron star the plasma dominates, while 
outside the vacuum dominates.  
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scale height (evaluated at ! ! !V) along the ray. For an
ionized hydrogen atmosphere, H! ’ 2kT="mpg cos"# !
1:65T6="g14 cos"# cm, where T ! 106T6 K is the tem-
perature, g ! 1014g14 cm s$2 is the gravitational accel-
eration, and " is the angle between the ray and the surface
normal. In general, the mode conversion probability is
given by [17,21]

Pcon ! 1$ exp%$"#=2#"E=Ead#3&: (2)

The probability for a nonadiabatic ‘‘jump’’ is "1$ Pcon#.
Because the two photon modes have vastly different

opacities, the vacuum resonance can significantly affect
the transfer of photons in NS atmospheres. When the
vacuum polarization effect is neglected, the decoupling
densities of the O mode and X mode photons (i.e., the
densities of their respective photospheres, where the op-
tical depth measured from outside is 2=3) are approxi-
mately given by (for hydrogen plasma and "kB not too
close to 0) !O ’ 0:42T$1=4

6 E3=2
1 G$1=2 g cm$3 and !X ’

486T$1=4
6 E1=2

1 B14G$1=2 g cm$3, where G ! 1$ e$E=kT

[17]. There are two different magnetic field regimes:
For normal magnetic fields,

B< Bl ’ 6:6' 1013T$1=8
6 E$1=4

1 G$1=4 G; (3)

the vacuum resonance lies outside both photospheres
(!V < !O;!X); for the magnetar field regime, B > Bl,
the vacuum resonance lies between these two photo-
spheres, i.e., !O < !V < !X (the condition !V < !X is
satisfied for all field strengths and relevant energies and
temperatures). These two field regimes yield qualitatively
different x-ray polarization signals.

Consider the normal field strengths, 1012 G & B & Bl,
which apply to most NSs (see Fig. 2). In this regime, the
atmosphere structure and total spectrum can be calcu-

lated without including vacuum polarization [to be more
accurate, we require "B=Bl#4 ( 1 for this to be valid]. For
concreteness, we consider emission from a hot spot (mag-
netic polar cap) on the NS; the magnetic field at the hot
spot (with size much smaller than the stellar radius) is
perpendicular to the stellar surface. Let the specific in-
tensities of the O mode and X mode emerging from their
respective photospheres (which lie below the vacuum
resonance) be I"0#O and I"0#X , which we calculate using our
H atmosphere models developed previously [18,22]. For
a given B and Teff , both I"0#O and I"0#X depend on E and "kB
at emission (the hot spot). As the radiation crosses the
vacuum resonance, the intensities of the O mode and X
mode become IO ! "1$ Pcon#I"0#O ) PconI

"0#
X and IX !

"1$ Pcon#I"0#X ) PconI
"0#
O . In calculating Pcon, we use the

temperature profile of the atmosphere model to determine
the density scale height at the vacuum resonance. We note
that in principle, circular polarization can be produced
when a photon crosses the vacuum resonance [21], but the
net circular polarization is expected to be zero when
photons from a finite-sized polar cap are taken into
account.

To determine the observed polarization, we must
consider propagation of polarized radiation in the NS
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FIG. 2 (color online). A schematic diagram illustrating how
vacuum polarization affects the polarization state of the emer-
gent radiation from a magnetized NS atmosphere. This diagram
applies to the ‘‘normal’’ field regime [B & 7' 1013 G; see
Eq. (3)] in which the vacuum resonance lies outside the photo-
spheres of the two photon modes. The photosphere is defined
where the optical depth (measured from outside) is 2=3 and is
where the photon decouples from the matter. At low energies
(such as E & 1 keV), the photon evolves nonadiabatically
across the vacuum resonance (for "kB not too close to 0), and
thus the emergent radiation is dominated by the X mode. At
high energies (E * 4 keV), the photon evolves adiabatically,
with its plane of polarization rotating by 90* across the vacuum
resonance, and thus the emergent radiation is dominated by the
O mode. The plane of linear polarization at low energies is
therefore perpendicular to that at high energies.

FIG. 1 (color online). The polarization ellipticity of the pho-
ton mode as a function of density near the vacuum resonance.
The two curves correspond to the two different modes. In this
example, the parameters are B ! 1013 G, E ! 5 keV, Ye ! 1,
and "kB ! 45*. The ellipticity of a mode is specified by the
ratio K ! $iEx=Ey, where Ex (Ey) is the photon’s electric field
component along (perpendicular to) the k-B plane. The O
mode is characterized by jKj + 1, and the X mode jKj ( 1.

P H Y S I C A L R E V I E W L E T T E R S week ending
15 AUGUST 2003VOLUME 91, NUMBER 7

071101-2 071101-2



QED	effect	on	X-ray	pulsars

Caiazzo & Heyl, in preparation

Polarization degree from Her-X1. Black dots are a 150ks simulation with eXTP 
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Polarization degree from Her-X1. Black dots are a 150ks simulation with eXTP 
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BH	accretion	disk
Novikov & Thorne (1973) accretion disk: spinning black hole in a Kerr 
metric

a =
cJ

GM2

B2 ⇠ 4⇡↵P ⇠ 8⇡c

3R

r
GM

r3
B2E
A2

spinning parameter:

viscosity:

turbulence
magnetic field

t�̂r̂ = ⇢csvt +
B2

4⇡
= ↵P

Minimum magnetic field needed for accretion:

Shakura & Sunyaev 
parameter GR functions 

of a and r

Krawczynski, 2012 



BH	accretion	disk
Novikov & Thorne (1973) accretion disk: spinning black hole in a Kerr 
metric

a =
cJ

GM2
spinning parameter:

viscosity:

turbulence
magnetic field

t�̂r̂ = ⇢csvt +
B2

4⇡
= ↵P

B2 = (0.29� 1.13⇥ 108 G)2
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a = 0 a = 1

Krawczynski, 2012 
Minimum magnetic field needed for accretion:
(at ISCO)



QED	effect	on	BH	accretion	disks
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Caiazzo & Heyl, in preparation



As a first step, we considered a chaotic magnetic field in the plane of the 
disk. We evolved the polarization of a photon coming along a geodesic from 
the ISCO to the observer, near the accretion disk plane.

QED	effect	for	a	chaotic	magnetic	field

Results are shown on the Poincaré sphere:

s =
1
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(S1, S2, S3) =
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QED	effect	for	a	chaotic	magnetic	field

Polarization is represented on the Poicaré sphere: the dots represent the end-point of 
the polarization vector.  
• dark blue dot: initial polarization 
• violet dots: final polarization of photons that receive a large blue shift 
• gold dots: final polarization of photons with zero-angular-momentum 
• copper dots: final polarization of photons that receive a large red shift on their way 

from the ISCO to us. 
Caiazzo & Heyl, in preparation

3 keV 5 keV 8 keV

Monte-Carlo simulation of the depolarization of radiation from a black hole with a = 0.84 
(as NGC 1365) for three photon energies:



Summary
QED effects are not negligible at the energy range of eXTP. On the contrary, 
1-10 keV is the energy range in which QED becomes important. 

X-ray pulsars: 
• the strength of the QED effect can be tested in the eXTP energy range 
• an indication on the surface gravity can be inferred from the low energy 

polarization 

Accreting black holes: 
• QED effects becomes important in the eXTP energy range independently 

of the mass of the black hole 
• the presence of a chaotic magnetic field in the disc results in a noise in 

the polarization that depends on the energy and angular momentum of 
the photons 

• Polarization from accreting BHs probes the role of the magnetic field in 
the physics of accretion



Quasi-Tangential	Region

Adiabatic Non adiabatic Intermediate


