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A Multi-Messenger View of Blazars

❑ What is the physical connection 
between neutrinos and multi-
wavelength flares?

❑ How do blazar jets accelerate 
cosmic rays?

❑ Can blazars produce ultra-high-
energy cosmic rays?

Key unknowns:
1. Leptonic vs hadronic
2. Particle acceleration mechanism
3. Physical conditions in the blazar 

zone

Low-energy 
component

High-energy 
component

IceCube+ 2018 Science 361, 1387

https://ui.adsabs.harvard.edu/abs/2018Sci...361.1378I/abstract


Leptonic vs Hadronic
Leptonic Model:
1. High-energy component comes 

from inverse Compton scattering 
by electrons.

2. Seed photons may be 
synchrotron itself (SSC), or 
external thermal photons (EC).

Hadronic Model:
1. High-energy component comes 

from proton synchrotron and/or 
hadronic cascades.

2. Inverse Compton scattering by 
electrons can contribute as well.

3. Acceleration of cosmic rays and 
production of neutrinos

Leptonic and hadronic models cannot be distinguished by 
spectral fitting only

Zhang+ 2019 ApJ 876, 109

https://ui.adsabs.harvard.edu/abs/2019ApJ...876..109Z/abstract


Synchrotron & Compton Scattering

LOS

Electric field vector

Synchrotron is strongly polarized. Compton scattering reduces polarization.
Protons and cascading charged 
particles can emit via synchrotron.

1. Pure leptonic: SSC and/or EC
2. Leptonic + hadronic cascades: SSC and/or EC + pair synchrotron
3. Proton synchrotron: SSC + pair/proton synchrotron

High-energy polarization degree can distinguish these models!



MeV Polarimetry as a Unique Probe
1. Hadronic models predict 

systematically higher 
polarization in X-ray and MeV 
gamma-ray bands.

2. High MeV polarization 
unambiguously points to proton 
acceleration and neutrino 
production.

3. MeV polarization can identify 
proton synchrotron, which can 
constrain the maximal proton 
energy in the blazar zone.

MeV polarimetry can probe cosmic ray acceleration and 
neutrino production for blazars of all classes.

Zhang+ 2019 ApJ 876, 109

https://ui.adsabs.harvard.edu/abs/2019ApJ...876..109Z/abstract


Detectable? Yes!

1. COSI can detect polarization for the bright 
blazar 3C 273 as well as a couple of bright 
blazar flares during its mission span. 

2. AMEGO-X can detect 10 blazar flares per 
year, unambiguously distinguish leptonic 
and hadronic models.

Paliya+ 2018 ApJ 863, 98

https://ui.adsabs.harvard.edu/abs/2018ApJ...863...98P/abstract


However, Blazars are Variable …

Marscher+ 2010 ApJL 710 L126 Di Gesu+ 2023 Nature Astronomy 7, 1245

Co-evolution of particles 
and magnetic field leads 
to polarization variability.

Geometric effects can also 
lead to polarization 
variability.

If unresolved in time, 
variations in polarization 
angle can cancel out 
polarization.

https://ui.adsabs.harvard.edu/abs/2010ApJ...710L.126M/abstract
https://ui.adsabs.harvard.edu/abs/2023NatAs...7.1245D/abstract


Multi-wavelength Radiation and Polarization
Previous approach:

1. Use a power-law distribution of particles for steady state.

2. Solve a Fokker-Planck equation for particle evolution.

3. Assume a chaotic magnetic field structure.

4. Magnetic strength changes in time put in by hand.



Multi-wavelength Radiation and Polarization
Previous approach:

1. Use a power-law distribution of particles for steady state.

2. Solve a Fokker-Planck equation for particle evolution.

3. Assume a chaotic magnetic field structure.

4. Magnetic strength changes in time put in by hand.

Previous approach is only good for spectra and light curves studies, but not polarization.

We need self-consistent magnetic field and particle evolution!



Fluid Dynamical Time >> Proton Dynamical Time
1. Polarization evolution is 

dominated by the magnetic field 
structure and evolution.

2. Hadronic polarization can vary in 
time.

3. Polarization angle swings may 
happen. If unresolved, hadronic 
emission may appear 
unpolarized.

Zhang+ 2019 ApJ 876, 109

https://ui.adsabs.harvard.edu/abs/2019ApJ...876..109Z/abstract


Proton Dynamical Time >> Fluid Dynamical Time
1. Hadronic polarization degree is 

comparable to the optical 
counterpart.

2. Hadronic polarization is much 
more stable in time than the 
optical counterpart, due to very 
slow proton cooling.

3. Ideal for COSI and AMEGO-X to 
detect polarization during flaring 
states.

Zhang+ 2016 ApJ 829, 69

https://ui.adsabs.harvard.edu/abs/2016ApJ...829...69Z/abstract


Light Crossing Delay

Zhang+ 2016 ApJ 829, 69

https://ui.adsabs.harvard.edu/abs/2016ApJ...829...69Z/abstract


Energy Stratification Effects

Protons cool much slower than electrons, they may occupy a much larger region than electrons 
or even escape from the jet, due to diffusion and advection.

During flares, if the variability time scale of the hadronic emission is comparable to the primary 
synchrotron, protons and electrons are likely co-spatial, then the hadronic polarization is 
comparable to the primary synchrotron.

In the quiescent state, hadronic polarization is unconstrained. However, if protons occupy 
similarly large parts of jet as the electrons that synchrotron emit radio, a net long-term hadronic 
polarization may appear.



Multi-Wavelength Spectropolarimetry & Neutrino Detection

MeV gap

keV MeV ν Conclusion

Y Y Y Proton synchrotron, ν, UHECR (?)

N Y Y Proton synchrotron, ν, UHECR (?)

Y N Y Leptonic+hadronic cascades, ν, CR

Y/N Y/N N Unknown mechanism (unlikely) or we need a better IceCube

N N Y ν is not from the blazar zone

N N N Pure leptonic

Takeaway message:
Significant polarization in the high-energy spectral component 
is clear evidence for hadronic processes.
Polarization can probe the connection between neutrinos and 
radiations.
If the proton synchrotron is confirmed by polarization, blazars 
may accelerate ultra-high-energy cosmic rays.
Multi-zone model is a must!



X-Ray Polarization Angle Swing

Di Gesu+ 2023 Nature Astronomy 7, 1245

1. Shocked region moving in a helical magnetic 
field.

2. Angle swings result from geometric effects.
3. Angle rotations can be arbitrarily large, but stay 

in the same direction

https://ui.adsabs.harvard.edu/abs/2023NatAs...7.1245D/abstract


Magnetic Reconnection as An Alternative

Di Gesu+ 2023 Nature Astronomy 7, 1245

Zhang+ 2021 ApJ 912, 129

https://ui.adsabs.harvard.edu/abs/2023NatAs...7.1245D/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...912..129Z/abstract


Reconnection vs Turbulence

Reconnection Turbulence Reconnection
❑ Flashes of high X-ray 

polarization ~40-50%
❑ Fast X-ray angle swings
❑ Swings with arbitrary 

amplitude and in both 
directions

Turbulence
❑ Swings in both directions
❑ Swings not associated to flare 

or PD changes
❑ Smooth swings have limited 

amplitudes



Angle Swings can Probe Particle Acceleration

1. Shock in a helical magnetic field expects angle swing in the same direction.

2. Turbulence does not expect many angle swings, and most of the swings should have small 
amplitudes.

3. Reconnection expects large swings in both directions.



Summary
1. Significant polarization in the high-energy spectral component is clear evidence for 

hadronic processes.

2. Polarization can probe the connection between neutrinos and radiations.

3. If the proton synchrotron is confirmed by polarization, blazars may accelerate ultra-

high-energy cosmic rays.

4. Multi-wavelength polarization variations can distinguish different particle acceleration 

mechanisms.

5. Future X-ray and gamma-ray polarimeters can have much better sensitivity on 

polarization.







Backup Slides



IXPE polarization should be 4~6 times of optical for HSPs

Since 𝜈𝑠𝑦𝑛 ∝ 𝛾2, X-ray electrons should 

have 𝛾𝑋~30𝛾𝑂.

And since 𝜏𝑐𝑜𝑜𝑙~𝛾
−1, X-ray electrons 

can survive 30 times shorter times than 

optical electrons.

This means they occupy 30 times less 

space than optical electrons.

Assuming a completely chaotic 

magnetic field, polarization degree Π ∝

1/√𝑁.

So Π𝑋~√30~5Π𝑂.

Zhang+ 2021, ApJ 912, 129

https://ui.adsabs.harvard.edu/abs/2021ApJ...912..129Z/abstract


Ways to save proton synchrotron model

Zhang+ 2022 ApJ 924, 90

Emission region may be highly 

inhomogeneous.

Emission region may have 

additional Doppler boosting due 

to anisotropy.

https://ui.adsabs.harvard.edu/abs/2022ApJ...924...90Z/abstract
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