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‣modelling the propagation of gamma rays in the universe

‣intergalactic magnetic fields: origin, limits, and gamma-ray signatures

‣new 3D simulation code for gamma-ray propagation: GRPropa

‣simulating blazar pair haloes

‣probing the magnetic helicity of intergalactic magnetic fields

outline

2



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3

primary 
gamma ray



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3

primary 
gamma ray



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3

primary 
gamma ray



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3

primary 
gamma ray



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3

primary 
gamma ray



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3

primary 
gamma ray



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays

3

primary 
gamma ray

magnetic fields 

- voids

- filaments

- clusters 
- galaxy



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

modelling the propagation of gamma rays
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interactions/energy losses 

- pair production

- inverse Compton scattering

- synchrotron

- conversion into axion-like particles?
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photon backgrounds
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intergalactic magnetic fields
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‣ voids

10-9 1012109106103110-310-6

‣clusters ‣stars ‣white 
dwarfs

‣neutron 
stars

‣magnetars

B [G]

‣galaxies

‣ are there cosmological magnetic fields?

‣ how did the magnetic fields in the universe 
come to be? astrophysical vs cosmological 
origin

‣ we have upper and lower bounds, but 
parameter space is still large

‣ upper limit from CMB: ~nG  
[Planck Collaboration.  A&A 594 (2016) A19]

‣ lower limit from cascades: ~10 aG  
[Neronov & Vovk. Science 328 (2010) 72]
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‣ point-like sources will appear extended  
[R. Plaga. Nature. 374 (1995) 430]

‣ the charged component of the cascade is sensitive to the strength and structure of 
intervening magnetic fields
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effects of magnetic fields on the spectrum
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Savelliev et al. arXiv:1311.6752 alternative explanations 

‣ B>10-17 G disperses the GeV cascade  
[A. Neronov, I. Vovk. Science 328 (2010) 72;  A. Taylor et al. A&A 529 
(2011) A144]

‣ plasma instabilities suppresses the development of 
the cascades  
[A. Broderick et al. ApJ 752 (2012) 22;  R. Schlickeiser et al. ApJ 777 
(2013) 49]

‣ primary CRs continuously produces TeV gamma 
rays  
[W. Essey et al.  ApJ 731 (2011) 51; W. Essey et al. PRL 104 (2010) 
141102]

‣ gamma ray mixing with ALPs or hidden photons  
[D. Horns et al. PRD 86 (2011) 075024;  M. Meyer et al. PRD 87 
(2013) 035027;  A. Dobrynina et al. PRD 91 (2015) 083003]

‣ Lorentz invariance violation 
[U. Jacob, T. Piran. PRD 78 (2008) 124010; F. Tavecchio, G. Bonnoli.  A&A 
585 (2016) A25]
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‣ Based on the modular code structure of the 
CRPropa 3 code for cosmic-ray propagation 
CRPropa: github.com/CRPropa/CRPropa3 [RAB et al. JCAP 

05 (2016) 038. arXiv:1603.07142] 

‣ four-dimensional (3D + time) simulation of 
gamma-ray propagation

‣ other codes: Elmag (1D + time; small-angle 
approximation)  
[M. Kachelriess et al. Comp. Phys. Comm. 183 (2011) 1036]

‣ energy range: 0.1 GeV - 1 PeV (will be 
extended)

‣ “thinning” to optimise performance

‣ arbitrary magnetic field configurations and a 
few default options

‣ code already used in arXiv:1607.00320 
[RAB et al. Phys. Rev. D 94 (2016) 083005]

GRPropa
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RAB, A. Saveliev. In preparation. 

GRPropa
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http://github.com/CRPropa/CRPropa3
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GRPropa: interactions
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GRPropa: simulation of blazar pair halo
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B=10-15 G B=10-16 G RAB, A. Saveliev, G. Sigl, T.  Vachaspati. PRD 94 (2016) 
083005. arXiv:1607.00320
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‣ stochastic magnetic field with 
Batcherlor spectrum

‣ blazar located at D=1 Gpc

‣ performance: 105 initial photons , 
without thinning, take about 8 
hours on 64 cores at 2.3 GHz
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‣   helicity

‣ helical magnetic fields may be related to baryogenesis via bubble collisions and linked Z-string 
creation [J. M. Cornwall PRD 56 (1996) 6146; T. Vachaspati PRL 87 (2001) 251302]

‣ advantage of helical magnetic fields: from MHD, we know they are less likely to dissipate

‣ helicity is odd under CP transformation

‣ parity-odd correlators give B~10 fG  [H. Tashiro & T. Vachaspati. MNRAS 448 (2015) 299]

‣ morphology of arrival directions of gamma-rays can be used to infer the helicity of IGMFs 
[A. Long & T. Vachaspati. JCAP 09 (2015) 065]

helical intergalactic magnetic fields

11

H =
1

V

Z

V

d3r ~A · ~B

E3

E2

E1

left-handed

E3

E2

right-handed

E1

Patch of radius R

OR

Chen et al. MNRAS Lett. 445 (2014) L41.

Earth

AGN blazar jet

patch of
Rangular radius 

DTeV(E3)

DTeV(E1)

n̂3

n̂1

E3

E1

DTeV(E2)

E2

Tashiro & Vachaspati. MNRAS 448 (2015) 299.



Rafael Alves Batista   | Pisa,  October 20th, 2016   |  Electromagnetic Cascades and Intergalactic Magnetic Fields

‣ S<0 for a left-handed spiral, and S>0 if the spiral is right-handed

‣ alternative method: Q-statistics 
[H. Tashiro et al. MNRAS Lett. 445 (2014) L41;  H. Tashiro & T. Vachaspati. MNRAS 448 (2015) 299;]

the S-statistics
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RAB, A. Saveliev, G. Sigl, T.  Vachaspati. PRD 94 (2016) 083005. arXiv:1607.00320

δbin: number of bins necessary 
to fully encompass the peak

(φi, θi): coordinates of the i-th 
event in the bin
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S-statistics: application
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fH=0 fH=0; tilted

fH=-1 fH=-1; tilted

fH=+1 fH=+1; tilted

Batchelor spectrum
tilt angle:  5o

D=1 Gpc
B=1 fG
Ψ=5o

RAB, A. Saveliev, G. Sigl, T.  Vachaspati. PRD 94 (2016) 083005. 
arXiv:1607.00320

magenta: E=5-10 GeV
blue: E=10-15 GeV
green: E=15-20 GeV
yellow: E=20-30 GeV
orange: E=30-50 GeV
red: E=50-100 GeV
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helical intergalactic magnetic fields
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the effect of the coherence length

Lc = 50 Mpc Lc = 150 Mpc Lc = 250 Mpc

for maximally positive helicity

RAB, A. Saveliev, G. Sigl, T.  Vachaspati. PRD 94 (2016) 083005. 
arXiv:1607.00320
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the effect of the coherence length

Lc = 50 Mpc Lc = 150 Mpc Lc = 250 Mpc

for maximally positive helicity

RAB, A. Saveliev, G. Sigl, T.  Vachaspati. PRD 94 (2016) 083005. 
arXiv:1607.00320

spirals in the sky
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conclusions and outlook
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‣GRPropa: 3D code for propagation of electromagnetic cascades; 
it is up and running; further testing is still required.

‣ lower bound on intergalactic magnetic fields from cascades favours a primordial 

origin, providing us with a direct window to the early universe

‣ the S-statistics has been successfully tested in simulated datasets and can 

satisfactorily detect signatures of helicity in gamma-ray data

‣observations of blazar pair haloes allow measurements of intergalactic magnetic 

fields, both its strength and its structure
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thank you :-)
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comparison GRPropa-Elmag
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sampling helical fields
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‣ in electroweak baryogenesis models, in order to generate baryons, the Chern-Simons 
number has to change

‣ bubble collisions induce the creation of entities such as sphalerons, whose decay induces 
baryon number violation and generates magnetic helicity

helicity-baryogenesis connection
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