
Polarized X-rays from Magnetars
(& Solar Neutrinos)

IAS Bahcall Lunch, 9/17/2024

Dong Lai



MSW Neutrino Oscillation/Conversion in the Sun

See Bahcall “Neutrino Astrophysics”



Polarization of photon modes:  Plasma + QED vacuum

B=1014 G,  E=5 keV,  qkB=30o
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Taverna et al. 2022, Science, “Polarized X-rays from a magnetar”

Magnetar AXP 4U 0142:  in quiescence:  P, Pdot => Bd~1014G     
                                            Ts = 5 MK (+ PL or another BB)

IXPE found:  Linear polarization degree =
                                                      angle: 90-degree change at 4-5 keV

IXPE (Imaging X-ray Polarimetry Explorer)
Launched 2021



Taverna et al. 2022, Science, “Polarized X-rays from a magnetar”

Magnetar AXP 4U 0142:  in quiescence:  P, Pdot => Bd~1014G     
                                            Ts = 5 MK (+ PL or another BB)

IXPE found:  Linear polarization degree =
                                                      angle: 90-degree change at 4-5 keV

This can be explained by QED vacuum resonance
Lai (2023), PNAS + …
(see also Lai & Ho 2003, PRL)



Neutron star atmosphere: 
magnetized (partially ionized) plasma 
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mpg
⇠ 1 cmScale height:

Density:       0.1 – 100  g/cm3



Photon Polarization Modes in a Magnetized Plasma
 Dielectric tensor:   e = I + ∆e (plasma)

 For photon energy w << wce =1160 B14 keV 

Ordinary Mode (O-mode):

        E nearly in the k-B plane:

        
Extraordinary Mode (X-mode):

        E nearly ^ k-B plane:

The two modes have different opacities (scattering, absorption):
k (O-mode) ~  k (B=0)

 k(X-mode)  ~ k (B=0) (w ⁄wce )2

X-mode photons are the main carrier of X-ray flux
(Two photospheres)
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QED Effect: Vacuum Polarization in Strong B
e+

e-
photon photon

Dielectric tensor:   e = I + ∆e (vac)

 ∆e (vac) ~ 10-4 (B/BQ)2 ,    with  BQ = 4.4´1013G

Heisenberg & Euler,
Weisskopf, Schwinger, 
Adler…

Two photon modes in magnetized vacuum: 
 
 Ordinary mode (//)
              
 Extraordinary mode (^)

This is a small effect: Why bother?



QED Effect in NS Atmosphere

Dielectric tensor of magnetized plasma including vacuum polarization

                  e = I + ∆e (plasma) + ∆e (vac) 

        where  ∆e (vac) ~ 10-4 (B/BQ)2 ,    with  BQ = 4.4´1013G 

Vacuum resonance:
           ∆e (plasma)     +   ∆e (vac)      ~  0 

depends on -(wp/w)2 µ r/E2
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Ye = Z/A, ne = Ye⇢/mp



Polarization of photon modes:  Plasma + QED vacuum

B=1014 G,  E=5 keV,  qkB=30o
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Mikheyev-Smirnov-Wolfenstein  (MSW)
Neutrino Oscillation/Conversion in the Sun



Polarization of photon modes:  Plasma + QED vacuum

B=1014 G,  E=5 keV,  qkB=30o
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ŷ

<latexit sha1_base64="PlHedjkG6TSZGjKdpEBetD8/G04=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZDZh/O9Abist/hxYMiXv0Yb/6Nk2QPmljQUFR1093lxVJotO1vq7C2vrG5Vdwu7ezu7R+UD49aOkoU400WyUh1PKq5FCFvokDJO7HiNPAkb3vj25nfnnClRRQ+4DTmbkCHofAFo2gkN+2NKKY9zydPWdYvV+yqPQdZJU5OKpCj0S9/9QYRSwIeIpNU665jx+imVKFgkmelXqJ5TNmYDnnX0JAGXLvp/OiMnBllQPxImQqRzNXfEykNtJ4GnukMKI70sjcT//O6CfrXbirCOEEessUiP5EEIzJLgAyE4gzl1BDKlDC3EjaiijI0OZVMCM7yy6ukdVF1Lqu1+1qlfpPHUYQTOIVzcOAK6nAHDWgCg0d4hld4sybWi/VufSxaC1Y+cwx/YH3+AA5Wkkw=</latexit>

ẑ



Adiabatic Condition: 

In general,  nonadiabatic “jump” probability
                      

½n1 - n2½ >   ( ××× ) ½dr/ds½               ~
              

Photons with E > Ead,  mode conversion

Photons with E < Ead,  no mode conversion
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T6 = T/(106K)
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g = 2⇥ 1014g2 cm/s2



The observed X-ray polarization signatures depend on

𝜌!	 (Vacuum	resonance)
     vs
	 𝜌"   (O-mode photosphere)

Note:  X-mode photosphere is always deeper



For B <  BOV ~1014 (…) T6
-1/8 E1

-1/4 G:
 Vacuum resonance lies outside both photospheres

 Plane of linear polarization at < Ead is perpendicular to that at > Ead.



This is what is observed in 
Magnetar AXP 4U 0142:  in quiescence:  P, Pdot => Bd~1014G     
                                            Ts = 5 MK (+ PL or another BB)

IXPE found:  Linear polarization degree =
                                                      angle: 90-degree change at 4-5 keV



For B > BOV~1014 (…) T6
-1/8 E1

-1/4 G:
 Vacuum resonance lies between the two photospheres

 Plane of linear polarization at different E coincide



IXPE detection of magnetar 1RXS J1708
Zane et al. 2024

Linear polarization degree: 
   ranges from 20% at 2-3 keV
   to 80% at 6-8 keV

Polarization angle: 
   independent of photon energy
   

For this magnetar:
P, Pdot  Bd=5x1014G



Take-home message
Photon (EM wave) propagation in magnetized plasma…

Small QED effect + small plasma effect
 Vacuum resonance
  Large effect on photon propagation 
      (polarized radiation)
      Observed !

Caveats:  Non-thermal radiation from magnetar 
 corona may affect the interpretation
 

MSW Neutrino Oscillation/Conversion in the Sun


