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Motivation / Intro to Helical Magnetic Fields 

Origin – Magnetogenesis 
•  AL,	  Sabancilar,	  Vachaspati	  [1309.1454]	  &	  [1509.XXXX] 

Evolution – MHD and Exotica 
•  AL,	  Vachaspati	  [1504.03319]	  

 
Detection – CMB & Blazars 
•  AL,	  Vachaspati	  [1505.07846]	  



•  Why Primordial Magnetic Fields? 

•  Often a byproduct of our favorite phase transitions (inflation, EW, …) 
 

•  A remnant of the PMF may persist today in the voids between 
galaxies and clusters, without significant processing by structure 
formation 

 
•  Detecting the PMF would give a new handle on early universe 

cosmology … possibly discriminating between different models of 
inflation, baryogenesis, etc.   

•  Empirical Motivation:  Provide explanation of µG galactic fields via 
dynamo mechanism.  Recent evidence for B ~ 10-17…14 G from blazar 
observations.  Lots of room for improvement in measurements.   

 



hB(+)B(+)⇤i+ hB(�)B(�)⇤i = 2PB(t, k) (2⇡)
3�(3)(k� k0)

hB(+)B(+)⇤i � hB(�)B(�)⇤i = 2PaB(t, k) (2⇡)
3�(3)(k� k0)

•  What is a helical magnetic field? 

•  A helical field has an excess of one circular polarization mode 

•  Realizability condition & Maximally helical field 

hBi(t,k)Bj(t,k
0)⇤i = Pij(t,k) (2⇡)
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energy spectrum helicity spectrum 

PB(t, k) � |PaB(t, k)|



•  Magnetic helicity & Gauss linking number 

 
•  Relationship to helicity spectrum (Coulomb gauge, div[A]=0) 

 
•  Helicity quantifies the linking of field lines

Moffatt	  (1969);	  	  Berger	  &	  Field	  (1984)	  
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•  Context – plasma of relativistic particles in early universe  

•  There are always thermal fluctuations 

•  Estimates from equipartition theorem 

PaB(!, k) = 0

Brms ⇡
p

!k3PB(!, k)

II. EQUATION OF STATE

In this section we consider the equation of state of an
EPP under the following assumptions: !1" ultrarelativis-
tic EPP, i.e., T!m; !2" thermal and chemical equilib-
rium; !3" equal electron and positron density, i.e., van-
ishing chemical potential; !4" ideal gas, i.e., no
interactions in the plasma; !5" infinitely extended, homo-
geneous, and isotropic EPP.

We relax some of these assumptions in the following
sections. According to these assumptions the distribu-
tion function of the electrons and positrons is given by
the Fermi-Dirac distribution

nF!p" =
1

ep/T + 1
!3"

and of the photons by the Bose-Einstein distribution

nF!p" =
1

ep/T − 1
, !4"

where the momentum p is identical to the energy E of
the particles in the ultrarelativistic case. It should be
noted that the photons are in equilibrium with electrons
and positrons under the above assumptions, i.e., the sys-
tem is actually an electron-positron-photon gas.

The particle and energy density can be calculated by
integrating over the distribution functions. In the case of
a QGP the results can be found in Müller !1985". The
particle number density of the electrons and positrons
follows from integration over the Fermi-Dirac distribu-
tion as

"e
eq = gF# d3p

!2#"3nF!p" =
3

#2$!3"T3 = 0.37T3, !5"

where gF=4 is the number of degrees of freedom corre-
sponding to the electrons and positrons in the two spin
states. Assuming a temperature of T=10 MeV, we find
"e

eq=370 MeV3=4.9%1040 m−3.
The photon density follows accordingly by integrating

over the Bose-Einstein distribution with gB=2 degrees
of freedom corresponding to the two polarization states
as "ph

eq = !2/#2"$!3"T3=0.24T3. The energy density of the
electron-positron-photon gas is obtained from

&eq = gF# d3p
!2#"3pnF!p" + gB# d3p

!2#"3pnB!p"

=
11#2

60
T4 = 1.81T4, !6"

where the photons contribute 36% to the energy density.
Here the Boltzmann law, &eq$T4, holds also for the fer-
mions because we neglected their masses.

For T=10 MeV we find &eq=3.8%1029 J m−3. In a vol-
ume of 1012 m3 !corresponding to the size of a neutron
star" the total thermal energy of the EPP is 3.8%1041 J,
which corresponds to about 10% of the entire energy

!without neutrinos" released in a supernova type II ex-
plosion. A volume of 1 'm3 still contains an energy of
3.8%1011 J.

The Coulomb coupling parameter of the EPP, which is
a measure for the nonideal behavior of a plasma !Ichi-
maru, 1982", is given by (=e2 /dT, where d%!"e

eq"−1/3

=2.7%10−14 m is the interparticle distance. For T
=10 MeV we find (=5.3%10−3 which shows that the
EPP is a weakly coupled plasma in contrast to the QGP
where (=O!1" !Thoma, 2005a, 2005b". Therefore the
ideal gas results for the equation of state derived above
are a good approximation. After all, interactions in the
EPP play an important role, for example, in the collec-
tive behavior of the plasma, as discussed in the next sec-
tion, and in equilibration of the plasma. Obviously, the
interaction can be treated by perturbation theory.

III. COLLECTIVE PHENOMENA

Interactions between particles can be separated into
two classes: individual collisions between the particles
and long-range interactions of particles with the medium
!Lifshitz and Pitaevskii, 1981". The latter lead to collec-
tive effects, which are characteristic of plasmas. The cru-
cial quantity from which the collective phenomena are
derived is the dielectric tensor relating the macroscopic
electric field Di in the medium to the external field Ei
!i=x ,y ,z", i.e., in momentum space

Di!),k" = &
j

&ij!),k"Ej!),k" . !7"

In the case of an isotropic medium it depends only on
k= 'k' and has two independent components,

&ij!),k" = &T!),k"(*ij −
kikj

k2 ) + &L!),k"
kikj

k2 . !8"

The dielectric tensor is closely related to the polariza-
tion tensor or photon self-energy by *see, e.g., Elze and
Heinz !1989"+

&L!),k" = 1 −
+L!),k"

k2 ,

&T!),k" = 1 −
+T!),k"

)2 , !9"

where +L and +T are the longitudinal and transverse
components of the polarization tensor, respectively.

The lowest-order diagram for the polarization tensor
is shown in Fig. 1. Assuming the external momentum to
be soft, i.e., ) and k to be much smaller than T, and the

K

FIG. 1. One-loop polarization tensor.

961Markus H. Thoma: Colloquium: Field theoretic description of …

Rev. Mod. Phys., Vol. 81, No. 3, July–September 2009
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Magnetogenesis 

(1)   Inflation 
(2)   Electroweak Phase Transition 
(3)   Instability in Chiral Medium 

…. 
 
(4)  Something else? 

•  Topological defects (see:	  	  Kouichirou	  Horiguchi’s	  talk)	  
•  Astrophysics	  (Biermann	  battery)	  
•  Reionization	  epoch	  



•  Pseudoscalar axion field (spectator or inflaton):   

•  P-violating background provided by rolling pseudoscalar 

•  This opens an instability toward the growth of one helicity mode: 

 

•  Resulting spectra:  (at end of inflation, super-horizon scales kη << 1 ) 

 

Turner	  &	  Widrow	  (1987)	  
Garretson,	  Field,	  &	  Carroll	  (1992)	  

Anber	  &	  Sorbo	  (2006)	  
Durrer,	  Hollenstein,	  Jain	  (2010)	  
Barnaby,	  Namba,	  Peloso	  (2011)	  
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Magnetogenesis:  Inflation 
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d'/dt
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A ·B+ · · ·
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2fH '
V (')

(see:	  	  Ryo	  Namba’s	  talk)	  



•  First order phase transition proceeds through the nucleation of Higgs 
phase bubbles:   <H> ~ v inside and <H> = 0 outside 

1.   Collisions of the shock fronts creates turbulence allowing for a 
dynamo amplification of thermal seed fields.   

2.  Higgs phase equilibration follows bubble collisions.  Higgs gradients 
induce a current & sources B-field.  (Interpret as the formation and 
decay of electroweak Z-strings).   

 

Magnetogenesis:  EW Phase Transition 

Vachaspati	  (1991);	  Kibble	  &	  Vilenkin	  (1995);	  Ahonen	  &	  Enqvist	  (1997);	  Grasso	  &	  Riotto	  (1997)	  

Cheng	  &	  Olinto	  (1994);	  Baym,	  Bodecker,	  &	  McLerran	  (1995);	  Sigl,	  Olinto,	  &	  Jedamzik	  (1996)	  



•  Quantum anomalies reveal a profound connection between gauge field topology 
(~helicity) and fermion number violation 

•  Question:  Can helical magnetic fields arise from baryogenesis via the anomaly? 
 
 
•  Sometimes:  Bubble collisions may create linked Z-strings (~EW sphaleron).  

Their decay induces baryon number violation and creates magnetic helicity. 

 
•  Not Necessarily:  In non-local EW baryogenesis (charge transport in front of 

bubble wall), the anomaly is driven by CS diffusion in the SU(2) sector … not clear 
that there needs to be helical magnetic radiation 

EW Magnetogenesis <--> EW Baryogenesis 

�NB+L = 2Nf

⇣
�NCS � ↵y

4⇡
�HY

⌘
@µj

µ
B+L = 2Nf

✓
g2

32⇡2
WfW � g02

32⇡2
Y eY

◆

Cornwall	  (1997);	  Vachaspati	  (2001)	  

Krauss	  &	  Trodden	  (1999);	  Copi,	  Ferrer,	  Vachaspati,	  &	  Achucarro	  (2008);	  	  Diaz-‐Gil	  et.	  al.	  (2008)	  

‘t	  Hooft	  (1976)	  



•  Argument from free energy 

•  Study co-evolution of helical B-field & asymmetry with chiral MHD 

 
•  Implications for leptogenesis?   

•  µ ~ 10-10 T è instability too slow 
•  µ ~ 10-4 T è helical magnetogenesis 

Magnetogenesis:  Instability in Chiral Medium 

(see:	  	  Oleg	  Ruchayskiy’s	  talk)	  

�µ ⇠ ↵

T 2V
�H

H ⇠ L (B2V )

Finitial ⇠ µ2T 2V

Ffinal ⇠ B2V ⇠ µT 2V/(↵L)

Ffinal < Finitial ) (↵µ)�1 < L

(free	  energy	  of	  chiral	  medium)	  

(charge	  erasure	  accompanied	  by	  helicity	  generaLon)	  

(best	  case	  scenario:	  	  maximally	  helical	  field)	  

(free	  energy	  of	  magneLc	  field)	  

(instability	  on	  large	  scales)	  

Joyce	  &	  Shaposhnikov	  (1997);	  
Semikoz	  &	  Valle	  (2008);	  Semikoz,	  Smirnov,	  &	  Sokoloff	  (2013)	  

AL,	  Sabancilar,	  Vachaspati	  [1309.1454]	  &	  [1509.XXXX]	  

Joyce	  &	  Shaposhnikov	  (1997);	  Giovannini	  &	  Shaposhnikov	  (1997)	  
see	  also	  Rubakov	  &	  Tavkhelidze	  (1985)	  

Boyarsky,	  Frolich,	  &	  Shaposhnikov	  (2015);	  also	  Frohlich	  &	  Pedrini	  (2000,	  2002)	  

instability time scale: ⌧ ⇠ �/↵2µ2



R. Durrer and A. Neronov: Cosmological magnetic fields Page 33 of 109

Fig. 3 The evolution of the magnetic field amplitude and integral scale for helical fields and for non-heli-
cal compressible and incompressible flow. Both, the electroweak and QCD phase transitions are indicated.
The line on which the tracks end is given by the relation vA = λB/trec, with trec ∼ 200 Mpc

of the order of ν̃ ∼ λmfp/5, where λmfp is the comoving mean free path of the least
coupled particle (Weinberg 1971), see Appendix A for more details.

Depending on the temperature, the least coupled particles in the plasma are neutri-
nos (for the temperatures above T ∼ 1 MeV) or photons (for the temperatures below
MeV down to decoupling at T ∼ 0.3 eV). At the time of neutrino or photon de-
coupling, the mean free path of the particles grows beyond the horizon scale. The
dissipation scale λd = 2π/kd is the scale at which the Reynolds number, Eq. (29),
becomes of order unity

λd = 2π

kd
≃ ν̃(T )

vK
∼ λmfp

√
ρ

5B
. (92)

In the last estimate we have substituted vK ∼ vA ∼ B/
√

ρ. The growth of λmfp at the
moments of decoupling of neutrinos and photons leads to the growth of the viscous
damping scale, up to values comparable to the integral scale λd ∼ λB ≃ λK and the
fluid enters the so called dissipative regime.

The magnetic field and the plasma no longer evolve according to free turbulent
decay, the plasma motions are damped by viscosity already at the integral scale λK .
This regime was studied in detail by Banerjee and Jedamzik (2004), who found that
damping at the integral scale suppresses plasma motions and removes the coupling

Evolution in a Turbulent Medium 

Kahniashvilli,	  Tevzadze,	  Brandenburg,	  Neronov	  (2013)	  
see	  also:	  Christensson,	  Hindmarsh,	  &	  Brandenburg	  (2000)	  

•  MHD is used to study the 
evolution of the field 

•  Helicity is approximately 
conserved in highly 
conductive early universe 

•  “Inverse Cascade” – energy 
is transferred from small to 
large scales 

Poquet,	  Frisch,	  &	  Leorat	  (1976)	  

H = EL
�Ė = E3/2/L

)

8
<

:

E ⇠ t�2/3

L ⇠ t2/3

H ⇠ t0



Evolution with Exotica 

•  Magnetic Monopoles 
•  The B-field does work on a gas of monopoles.   
•  Persistence of the PMF leads to an upper 

bound on the monopole density … analogous 
to the Parker Bound on galactic fields 

•  Axions 
•  B-field amplification (recall inflation model) 
•  Axion gets sourced by helical field 



•  Dirac Neutrinos  

•  B-field couples to ν magnetic moment … 
induces spin flip νL à νR … populates sterile 
states … Neff = 6 inconsistent with BBN 
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Ahonen,	  Enqvist,	  &	  Raffelt	  (1996)	  



•  A primordial magnetic has many potential effects on the CMB 
•  B-field energy density induces curvature perturbations 
•  BAO in the presence of B-field shifts acoustic peaks 
•  Faraday rotation of E à B polarization modes 
•  Dissipation of magnetic energy induces spectral distortion 
•  Non-Gaussianities:  <δρ δρ> ~ <B2 B2> 

•  Combined limit is easy to estimate: 

•  Unique effect of helical fields 
•  Parity-odd observables like <TB>, and <EB> cross correlation 

Detection Strategies using the CMB 

Planck	  (2015)	  95%CL	  limits	  
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) B1Mpc . (1� 5) nG

(Jacques	  Wagstaff’s	  talk)	  



•  Gamma rays from TeV blazars develop an electromagnetic cascade, which 
is deflected back toward the line of sight by B-field, inducing a halo 

Detection with TeV Blazar Halos 
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Aharonian,	  Coppi,	  &	  Voelk	  (1994);	  Neronov	  &	  Semikoz	  (2006)	  
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VERITAS Search for Magnetically-Broadened Emission From Blazars Elisa Pueschel

Figure 1: Comparison between the angular profile of three sources and their simulated point sources. Good
agreement is clear from the residual distributions. The results of a c2 probability test are shown in Tab. 3 for
all sources.

three sources, which were not detected to a high significance with standard g-hadron separation,
a boosted decision tree (BDT) analysis was used. The BDT analysis was not used for the other
sources because the energy threshold is slightly higher for the BDT analysis, and preserving the
lowest possible energy threshold was prioritized for sources already strongly detected with the
standard g-hadron separation.

To achieve a good angular resolution while retaining as many photon events as possible, events
with images recorded in only two telescopes were discarded, while events with three and four
images were retained. The angular resolution is additionally correlated with the distance between
the shower core and the array center. The selection on this parameter was optimized to improve the
angular resolution, resulting in an optimal value CoreDist <215m.

To search for extended emission, the angular distribution of a source can be compared against
a known point source whose angular extent is due only to the instrument PSF. The parameter q 2,
defined as the angular distance between the air shower’s arrival direction and source’s estimated
location, characterizes the angular profile. The VERITAS PSF varies with energy, the azimuthal
and zenith angles of observations, and the night sky background level. Thus, it was necessary to
simulate a point source for each blazar studied that matched the source characteristics and observ-
ing conditions. The range and mean value of the night sky background level was matched between
each source and its simulated point source. The simulations were weighted event-by-event to match
their data counterparts’ energy and azimuthal angular distributions. It was not possible to exactly
match the sources’ zenith angular distributions, as simulations were generated at discrete values
for the zenith angle of observation. A zenith angle of 20� provided the best approximation of the
zenith distribution in data, and was therefore used. A correction (described below) accounts for
this simplification.

The agreement between the q 2 distributions for the sources and their matching simulated point
sources was assessed first based on the derived residual distributions and a c2 probability test.
Examples of several overlaid data/simulation distributions are shown in Figure 1. To produce a
measure of the agreement that includes systematic uncertainties and the zenith angle correction,

4

VERITAS	  (Pueschel,	  2015)	  –	  no	  halo	  
seen	  …	  leads	  to	  model	  dependent	  
exclusion	  @	  95%	  CL	  

(5� 10)⇥ 10�15 G (excluded)



Recent Hints  
in Blazar Data 

Neronov	  &	  Vovk	  (2010);	  Tavecchio,	  et.	  al.	  (2010)	  

IGMFs and GeV emission of 1ES 0229+200 L73

Figure 2. SED of 1ES 0229+200 in the high-energy band and the expected reprocessed GeV emission. Red points show the observed H.E.S.S. spectrum
(Aharonian et al. 2007) and the green points the points after the correction for the absorption with the Low SFR EBL model of Kneiske et al. (2004). See
Tavecchio et al. (2009) for details. The short-dashed black line is an approximation of the intrinsic spectrum, modelled as a hard power law. The long-dashed
line is the corresponding absorbed spectrum following Kneiske et al. (2004). The shaded grey region between these two lines shows the absorbed flux. Note
that the total amount of absorbed power, that is the relevant quantity for the estimate of the level of the reprocessed GeV emission, is only slightly sensitive to
the assumed spectral shape, since it is dominated by the flux at the largest energies. The coloured lines report the approximation of the expected reprocessed
spectrum for different values of the IGMF, B = 10−15, 10−14, 10−13 G and two different values of the initial collimation angle (θc = 0.1 and 0.05 rad, solid
and dashed–dotted lines, respectively), determining the intrinsic beaming of the primary radiation. For comparison, we also report the curves (black dotted
lines) corresponding to the two extreme cases of (upper) B = 0 and (lower) completely isotropy of the reprocessed emission (extremely large B). Black points
show the Fermi/LAT upper limit to the flux in the 100 MeV–1 GeV, 1–10 GeV and 10–30 GeV bands obtained through the spectral parameters derived with
the standard analysis (see the text for more details). The black solid line shows the lowest possible reprocessed spectrum consistent with the upper limits,
corresponding to a magnetic field of B = 5 × 10−15 G (for θc = 0.1).

of 10 per cent at 100 MeV, 5 per cent at 500 MeV and 20 per cent
at 10 GeV (Rando et al. 2009).

3.2 Results

Fig. 2 shows the high-energy SED of 1ES 0229+200 including the
TeV data from H.E.S.S. (red) and the same points corrected for
the absorption (green) using the Low SFR model of Kneiske et al.
(2004). We assume that the intrinsic spectrum is well represented
(dashed line) by a hard power law, FE ∝ E1/3 (see Tavecchio et al.
2009 for the justification of this choice). The black dotted line is the
corresponding absorbed spectrum using the Kneiske et al. (2004)
model. The area in grey shows the flux absorbed and available for
reprocessing. As long as the intrinsic spectrum is hard, the amount
of absorbed energy depends only on the intrinsic luminosity of the
highest energy bin Emax. The most conservative limit on the IGMF
corresponds to the lowest amount of reprocessed radiation that in
turn corresponds to the smallest intrinsic luminosity. To this aim,
we use the EBL model providing the lowest opacity around 10 TeV.

We report the LAT upper limit in the 0.1–1, 1–10 and 10–30 GeV
bands (Table 1). The solid and dot–dashed lines report the expected
reprocessed emission assuming three different values of the IGMF
and two different beaming angles (0.05 and 0.1 rad, corresponding

to bulk Lorentz factors " = 20 and 10, respectively) for the intrinsic
blazar emission. The black line is calculated for the minimum value
of the magnetic field consistent with the upper limit, B = 5 ×
10−15 G. Note that, due to the very hard reprocessed spectrum, the
most stringent upper limit is that at the highest energies, 10–30 GeV.
Beaming angles θc smaller than those assumed here (corresponding
to larger bulk Lorentz factors of the jet) would result in lower values
for the upper limit on B (see equation 6).

We remark that unlike the methods based on the estimate of the
rotation measure in the radio band (e.g. Kronberg 2001), with which
it is possible to derive upper limits to the IGMF, this method allows
us to put a lower limit on B. If the hint of detection in the highest
energy bin is real, we have two possibilities: either it is the repro-
cessed radiation, and in this case it gives a measure of B, or it is still
primary emission from the blazar (even if belonging to a component
different than that observed at TeV energies; e.g. Tavecchio et al.
2009), and in this case our limit would still hold.

4 DISCUSSION

The lower limit on the value of the magnetic field derived here,
B > 5 × 10−15 G, can be considered one of the most stringent
values ever derived for the IGMF. The value is mainly constrained

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, L70–L74
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Recent Hints  
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IGMFs and GeV emission of 1ES 0229+200 L73

Figure 2. SED of 1ES 0229+200 in the high-energy band and the expected reprocessed GeV emission. Red points show the observed H.E.S.S. spectrum
(Aharonian et al. 2007) and the green points the points after the correction for the absorption with the Low SFR EBL model of Kneiske et al. (2004). See
Tavecchio et al. (2009) for details. The short-dashed black line is an approximation of the intrinsic spectrum, modelled as a hard power law. The long-dashed
line is the corresponding absorbed spectrum following Kneiske et al. (2004). The shaded grey region between these two lines shows the absorbed flux. Note
that the total amount of absorbed power, that is the relevant quantity for the estimate of the level of the reprocessed GeV emission, is only slightly sensitive to
the assumed spectral shape, since it is dominated by the flux at the largest energies. The coloured lines report the approximation of the expected reprocessed
spectrum for different values of the IGMF, B = 10−15, 10−14, 10−13 G and two different values of the initial collimation angle (θc = 0.1 and 0.05 rad, solid
and dashed–dotted lines, respectively), determining the intrinsic beaming of the primary radiation. For comparison, we also report the curves (black dotted
lines) corresponding to the two extreme cases of (upper) B = 0 and (lower) completely isotropy of the reprocessed emission (extremely large B). Black points
show the Fermi/LAT upper limit to the flux in the 100 MeV–1 GeV, 1–10 GeV and 10–30 GeV bands obtained through the spectral parameters derived with
the standard analysis (see the text for more details). The black solid line shows the lowest possible reprocessed spectrum consistent with the upper limits,
corresponding to a magnetic field of B = 5 × 10−15 G (for θc = 0.1).

of 10 per cent at 100 MeV, 5 per cent at 500 MeV and 20 per cent
at 10 GeV (Rando et al. 2009).

3.2 Results

Fig. 2 shows the high-energy SED of 1ES 0229+200 including the
TeV data from H.E.S.S. (red) and the same points corrected for
the absorption (green) using the Low SFR model of Kneiske et al.
(2004). We assume that the intrinsic spectrum is well represented
(dashed line) by a hard power law, FE ∝ E1/3 (see Tavecchio et al.
2009 for the justification of this choice). The black dotted line is the
corresponding absorbed spectrum using the Kneiske et al. (2004)
model. The area in grey shows the flux absorbed and available for
reprocessing. As long as the intrinsic spectrum is hard, the amount
of absorbed energy depends only on the intrinsic luminosity of the
highest energy bin Emax. The most conservative limit on the IGMF
corresponds to the lowest amount of reprocessed radiation that in
turn corresponds to the smallest intrinsic luminosity. To this aim,
we use the EBL model providing the lowest opacity around 10 TeV.

We report the LAT upper limit in the 0.1–1, 1–10 and 10–30 GeV
bands (Table 1). The solid and dot–dashed lines report the expected
reprocessed emission assuming three different values of the IGMF
and two different beaming angles (0.05 and 0.1 rad, corresponding

to bulk Lorentz factors " = 20 and 10, respectively) for the intrinsic
blazar emission. The black line is calculated for the minimum value
of the magnetic field consistent with the upper limit, B = 5 ×
10−15 G. Note that, due to the very hard reprocessed spectrum, the
most stringent upper limit is that at the highest energies, 10–30 GeV.
Beaming angles θc smaller than those assumed here (corresponding
to larger bulk Lorentz factors of the jet) would result in lower values
for the upper limit on B (see equation 6).

We remark that unlike the methods based on the estimate of the
rotation measure in the radio band (e.g. Kronberg 2001), with which
it is possible to derive upper limits to the IGMF, this method allows
us to put a lower limit on B. If the hint of detection in the highest
energy bin is real, we have two possibilities: either it is the repro-
cessed radiation, and in this case it gives a measure of B, or it is still
primary emission from the blazar (even if belonging to a component
different than that observed at TeV energies; e.g. Tavecchio et al.
2009), and in this case our limit would still hold.

4 DISCUSSION

The lower limit on the value of the magnetic field derived here,
B > 5 × 10−15 G, can be considered one of the most stringent
values ever derived for the IGMF. The value is mainly constrained
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of the PSF is critical for this type of study. Pulsars with
unresolved pulsar wind nebulae (PWN) can be used as
calibration sources since they are effective point sources
for Fermi-LAT [12, 14]; here we choose the Geminga [26]
and Crab [27] pulsars. To plot different angular distribu-
tion profiles of different stacked source classes, we calcu-
late and remove the diffuse background for each source,
sum the background-subtracted counts and then normal-
ize the profiles. We calculate the angular profiles for the
stacked pulsars, the 24 BL Lacs, and the 26 FSRQs, as
shown in Fig. 1. The angular profiles for stacked pul-
sars agree with their PSFs (P7REP SOURCE V15) in
each energy range [21]. The normalized angular profiles
of stacked BL Lacs have lower scaled counts per unit
solid angle at small θ, providing evidence for extended
emission since the additional counts in the extended halo
reduce the scaled counts at small angles after normaliza-
tion. The deficit in counts at small θ (evidence for ex-
tended emission) is only significant in the lowest energy
bin, consistent with the expectation that the angular ex-
tent of the halo is larger at lower energies, as indicated
in Eq. 1. In contrast, the angular profiles of the stacked
FSRQs are indistinguishable from our surrogate point-
source data from pulsars, as shown in Fig. 1.
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FSRQs

Pulsars

BL Lacs

FIG. 1. Angular distribution of photon events around the
stacked pulsars (black), the stacked FSRQs (red), and the
stacked BL lacs (blue): vertical errors are the 68% confidence
intervals; horizontal errors show the size of angular bins.

STATISTICAL EVIDENCE FOR PAIR-HALO

EMISSION AND ESTIMATION OF THE IGMF

To model the normalized angular profiles g(θ), we use

g(θ; fhalo,Θ) = fhaloghalo(θ;Θ) + (1− fhalo)gpsf(θ), (2)

where fhalo is the fraction of the pair halo component,
Θ is a single parameter characterizing the angular extent
of the halo. gpsf(θ) is the effective PSF for the stacked
source [21] and ghalo(θ;Θ) is a Gaussian function of θ (in
the small angle approximation) convolved with the PSF.
Then, the number of photon events in the j-th angular
bin around the stacked source is estimated by

λj(fhalo,Θ,µ,A) =
!

i

(Aigj + µi)Ωi,jwi,j , (3)

where gj is the discrete value of the normalized angular
distribution g(θ) given by Eq. 2, A and µ are a set of
normalization factors {Ai} and a set of the assumed uni-
form background values (in counts per unit solid angle)
{µi}, respectively, for each of the i-th source. Ωi,j is the
solid angle of the j-th angular bin around the i-th source.
wi,j = Ei,1/Ei,j is the exposure corrector to calibrate the
expected counts in the j-th angular bin around the i-
th source to the level of the center angular bin of this
source, where E is the averaged exposure of the angular
bin. For a given configuration of the angular bins, a set
of estimators {λj} is a function of fhalo, Θ, µ, and A.
We present both a frequentist and Bayesian analysis

of the data. A set of observed counts N = {Ni,j} are
estimated by the model given by Eq. 3, where Ni,j is the
number of counts in the j-th angular bin around the i-th
source. Counts in the background bins are also estimated
by the isotropic background model derived from µ. For
the frequentist analysis, maximum likelihood estimation
(MLE) is used for the model fitting. The logarithm of the
likelihood ratio is evaluated as a test statistic (TS), pro-
viding the confidence level of getting N . Since the num-
ber of counts in each bin (i, j) can be quite small (average
counts in an individual bin ⟨Ni,j⟩ ∼ 3 for the BL Lacs and
⟨Ni,j⟩ ∼ 6 for the FSRQs in the 1 GeV-1.58 GeV energy
range), a naive application of the MLE where one eval-
uates the joint likelihood L ≡

"

i,j P (Ni,j |λi,j) can give
large estimation errors, resulting in a non-converging dis-
tribution of the TS (the logarithmic likelihood ratio), and
can potentially lead to a type II error [21]. While this is
addressed by the Bayesian analysis, it may be a problem-
atic for a frequentist inference [28]. Here we adopt a novel
approach [21] where we repartition the data into two sets:
the stacked angular distribution {

#n
i=1 Ni,j} ≡ {ηj} ob-

tained by summing over sources i, and the stacked source
distribution {

#m
j=1 Ni,j} ≡ {ζi} obtained by summing

over angular bins j, where m and n are the total num-
ber of angular bins and stacked sources, respectively. The
likelihood of obtaining {ζi} and {ηj} is calculated as Lon.
This is combined with the likelihood of getting a set of
{Ni,m} counts detected in each background bin around
each source Loff .
We subsequently evaluate the joint likelihood L =

Lon×Loff which is defined in the multidimensional space
of the model parameters, x = (fhalo,Θ,µ,A) [21]. Note
that both ζi and ηj have relatively large number of
counts, and Ni,m is also relatively large since the solid
angle of the background bins is much larger than that
of an individual angular bin (i, j), hence the following
frequentist analysis acting on ζi, ηj , and Ni,m will not
encounter the problem of small sample size. To get the
quantitative significance of the pair halo, we focus on the
space of the two model parameters, fhalo and Θ. We
must distinguish between two hypotheses in this space:
the hypothesis of halo emission H1 and the null hypoth-
esis H0, where H0 denotes a pure point source where
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IGMFs and GeV emission of 1ES 0229+200 L73

Figure 2. SED of 1ES 0229+200 in the high-energy band and the expected reprocessed GeV emission. Red points show the observed H.E.S.S. spectrum
(Aharonian et al. 2007) and the green points the points after the correction for the absorption with the Low SFR EBL model of Kneiske et al. (2004). See
Tavecchio et al. (2009) for details. The short-dashed black line is an approximation of the intrinsic spectrum, modelled as a hard power law. The long-dashed
line is the corresponding absorbed spectrum following Kneiske et al. (2004). The shaded grey region between these two lines shows the absorbed flux. Note
that the total amount of absorbed power, that is the relevant quantity for the estimate of the level of the reprocessed GeV emission, is only slightly sensitive to
the assumed spectral shape, since it is dominated by the flux at the largest energies. The coloured lines report the approximation of the expected reprocessed
spectrum for different values of the IGMF, B = 10−15, 10−14, 10−13 G and two different values of the initial collimation angle (θc = 0.1 and 0.05 rad, solid
and dashed–dotted lines, respectively), determining the intrinsic beaming of the primary radiation. For comparison, we also report the curves (black dotted
lines) corresponding to the two extreme cases of (upper) B = 0 and (lower) completely isotropy of the reprocessed emission (extremely large B). Black points
show the Fermi/LAT upper limit to the flux in the 100 MeV–1 GeV, 1–10 GeV and 10–30 GeV bands obtained through the spectral parameters derived with
the standard analysis (see the text for more details). The black solid line shows the lowest possible reprocessed spectrum consistent with the upper limits,
corresponding to a magnetic field of B = 5 × 10−15 G (for θc = 0.1).

of 10 per cent at 100 MeV, 5 per cent at 500 MeV and 20 per cent
at 10 GeV (Rando et al. 2009).

3.2 Results

Fig. 2 shows the high-energy SED of 1ES 0229+200 including the
TeV data from H.E.S.S. (red) and the same points corrected for
the absorption (green) using the Low SFR model of Kneiske et al.
(2004). We assume that the intrinsic spectrum is well represented
(dashed line) by a hard power law, FE ∝ E1/3 (see Tavecchio et al.
2009 for the justification of this choice). The black dotted line is the
corresponding absorbed spectrum using the Kneiske et al. (2004)
model. The area in grey shows the flux absorbed and available for
reprocessing. As long as the intrinsic spectrum is hard, the amount
of absorbed energy depends only on the intrinsic luminosity of the
highest energy bin Emax. The most conservative limit on the IGMF
corresponds to the lowest amount of reprocessed radiation that in
turn corresponds to the smallest intrinsic luminosity. To this aim,
we use the EBL model providing the lowest opacity around 10 TeV.

We report the LAT upper limit in the 0.1–1, 1–10 and 10–30 GeV
bands (Table 1). The solid and dot–dashed lines report the expected
reprocessed emission assuming three different values of the IGMF
and two different beaming angles (0.05 and 0.1 rad, corresponding

to bulk Lorentz factors " = 20 and 10, respectively) for the intrinsic
blazar emission. The black line is calculated for the minimum value
of the magnetic field consistent with the upper limit, B = 5 ×
10−15 G. Note that, due to the very hard reprocessed spectrum, the
most stringent upper limit is that at the highest energies, 10–30 GeV.
Beaming angles θc smaller than those assumed here (corresponding
to larger bulk Lorentz factors of the jet) would result in lower values
for the upper limit on B (see equation 6).

We remark that unlike the methods based on the estimate of the
rotation measure in the radio band (e.g. Kronberg 2001), with which
it is possible to derive upper limits to the IGMF, this method allows
us to put a lower limit on B. If the hint of detection in the highest
energy bin is real, we have two possibilities: either it is the repro-
cessed radiation, and in this case it gives a measure of B, or it is still
primary emission from the blazar (even if belonging to a component
different than that observed at TeV energies; e.g. Tavecchio et al.
2009), and in this case our limit would still hold.

4 DISCUSSION

The lower limit on the value of the magnetic field derived here,
B > 5 × 10−15 G, can be considered one of the most stringent
values ever derived for the IGMF. The value is mainly constrained
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of the PSF is critical for this type of study. Pulsars with
unresolved pulsar wind nebulae (PWN) can be used as
calibration sources since they are effective point sources
for Fermi-LAT [12, 14]; here we choose the Geminga [26]
and Crab [27] pulsars. To plot different angular distribu-
tion profiles of different stacked source classes, we calcu-
late and remove the diffuse background for each source,
sum the background-subtracted counts and then normal-
ize the profiles. We calculate the angular profiles for the
stacked pulsars, the 24 BL Lacs, and the 26 FSRQs, as
shown in Fig. 1. The angular profiles for stacked pul-
sars agree with their PSFs (P7REP SOURCE V15) in
each energy range [21]. The normalized angular profiles
of stacked BL Lacs have lower scaled counts per unit
solid angle at small θ, providing evidence for extended
emission since the additional counts in the extended halo
reduce the scaled counts at small angles after normaliza-
tion. The deficit in counts at small θ (evidence for ex-
tended emission) is only significant in the lowest energy
bin, consistent with the expectation that the angular ex-
tent of the halo is larger at lower energies, as indicated
in Eq. 1. In contrast, the angular profiles of the stacked
FSRQs are indistinguishable from our surrogate point-
source data from pulsars, as shown in Fig. 1.
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FIG. 1. Angular distribution of photon events around the
stacked pulsars (black), the stacked FSRQs (red), and the
stacked BL lacs (blue): vertical errors are the 68% confidence
intervals; horizontal errors show the size of angular bins.

STATISTICAL EVIDENCE FOR PAIR-HALO

EMISSION AND ESTIMATION OF THE IGMF

To model the normalized angular profiles g(θ), we use

g(θ; fhalo,Θ) = fhaloghalo(θ;Θ) + (1− fhalo)gpsf(θ), (2)

where fhalo is the fraction of the pair halo component,
Θ is a single parameter characterizing the angular extent
of the halo. gpsf(θ) is the effective PSF for the stacked
source [21] and ghalo(θ;Θ) is a Gaussian function of θ (in
the small angle approximation) convolved with the PSF.
Then, the number of photon events in the j-th angular
bin around the stacked source is estimated by

λj(fhalo,Θ,µ,A) =
!

i

(Aigj + µi)Ωi,jwi,j , (3)

where gj is the discrete value of the normalized angular
distribution g(θ) given by Eq. 2, A and µ are a set of
normalization factors {Ai} and a set of the assumed uni-
form background values (in counts per unit solid angle)
{µi}, respectively, for each of the i-th source. Ωi,j is the
solid angle of the j-th angular bin around the i-th source.
wi,j = Ei,1/Ei,j is the exposure corrector to calibrate the
expected counts in the j-th angular bin around the i-
th source to the level of the center angular bin of this
source, where E is the averaged exposure of the angular
bin. For a given configuration of the angular bins, a set
of estimators {λj} is a function of fhalo, Θ, µ, and A.
We present both a frequentist and Bayesian analysis

of the data. A set of observed counts N = {Ni,j} are
estimated by the model given by Eq. 3, where Ni,j is the
number of counts in the j-th angular bin around the i-th
source. Counts in the background bins are also estimated
by the isotropic background model derived from µ. For
the frequentist analysis, maximum likelihood estimation
(MLE) is used for the model fitting. The logarithm of the
likelihood ratio is evaluated as a test statistic (TS), pro-
viding the confidence level of getting N . Since the num-
ber of counts in each bin (i, j) can be quite small (average
counts in an individual bin ⟨Ni,j⟩ ∼ 3 for the BL Lacs and
⟨Ni,j⟩ ∼ 6 for the FSRQs in the 1 GeV-1.58 GeV energy
range), a naive application of the MLE where one eval-
uates the joint likelihood L ≡

"

i,j P (Ni,j |λi,j) can give
large estimation errors, resulting in a non-converging dis-
tribution of the TS (the logarithmic likelihood ratio), and
can potentially lead to a type II error [21]. While this is
addressed by the Bayesian analysis, it may be a problem-
atic for a frequentist inference [28]. Here we adopt a novel
approach [21] where we repartition the data into two sets:
the stacked angular distribution {

#n
i=1 Ni,j} ≡ {ηj} ob-

tained by summing over sources i, and the stacked source
distribution {

#m
j=1 Ni,j} ≡ {ζi} obtained by summing

over angular bins j, where m and n are the total num-
ber of angular bins and stacked sources, respectively. The
likelihood of obtaining {ζi} and {ηj} is calculated as Lon.
This is combined with the likelihood of getting a set of
{Ni,m} counts detected in each background bin around
each source Loff .
We subsequently evaluate the joint likelihood L =

Lon×Loff which is defined in the multidimensional space
of the model parameters, x = (fhalo,Θ,µ,A) [21]. Note
that both ζi and ηj have relatively large number of
counts, and Ni,m is also relatively large since the solid
angle of the background bins is much larger than that
of an individual angular bin (i, j), hence the following
frequentist analysis acting on ζi, ηj , and Ni,m will not
encounter the problem of small sample size. To get the
quantitative significance of the pair halo, we focus on the
space of the two model parameters, fhalo and Θ. We
must distinguish between two hypotheses in this space:
the hypothesis of halo emission H1 and the null hypoth-
esis H0, where H0 denotes a pure point source where
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Intergalactic magnetic field spectra from di↵use gamma rays 3

�400

�300

�200

�100

0

100

200

300

400

(E1, E2) =(10, 40)

Figure 1. Q(R) ⇥ 10

6
versus R for the ULTRACLEAN data set for weeks 9-328 for R  30

�
. The data points are shown with standard-

error error bars. The Monte Carlo error bars (magenta) are generated under the isotropic assumption. Data points that deviate by more

than 2� are colored in red.

(E1, E2) (10,20) (10,30) (10,40) (20,30) (20,40) (30,40)

(Rpeak)data ? 19

�
13

�
? 13

�
11

�

(Qpeak)data ⇥ 10

6
? �92 �242 ? �204 �177

Table 1. The peak locations and amplitudes. There is no well-identified peak in the (10,20) and (20,30) energy combinations.

3 TIME-EXPOSURE AND RESAMPLING ANALYSES

Fermi-LAT observations do not cover the sky uniformly. Using the latest release of the Fermi Science Tools, v9r33p0, we

construct the time exposure map by first creating a livetime cube with gtltcube and then using gtexpcube2 to obtain full

sky exposure maps corresponding to the ultraclean response function for each energy bin. A plot of the time exposure over

weeks 9-328 is shown in Fig. 2.

With the time exposure maps shown in Fig. 2 we run Monte Carlo simulations. The error bars in Fig. 3 are the statistical

spread in the Monte Carlo Q(R). In Fig. 3 we also overlay the data points on the Monte Carlo error bars.

An alternate way to account for the time exposure is to “resample” the data points. For this we take the Fermi data and

count the number of events in each energy bin. We then strip the data of all energy information. Then we randomly resample

the observed number counts for each energy bin from this data set with replacement, choosing the 50 GeV photons first and

ensuring that they are above 80� latitude. Q(R) is then calculated from this resampled data set and the whole procedure is

repeated with 10000 resamples. The result is shown in Fig. 4 together with the observed data points. As expected the Monte

Carlo error bars are wider than those in Fig. 1 and are close to those of the time-exposure results in Fig. 3. A disadvantage in

the resampling analysis compared to the time-exposure analysis is that resampling loses any energy-dependent factors present

in the observations. However, it is an independent check of the signal.

A cursory look at either Fig. 3 or Fig. 4 shows that the individual points for R = 13� � 15� occurring in the (10, 40) GeV

energy panel are still significant at more than 2�; while 13 consecutive points, R = 7��19�, deviate at more than 1�. However

the values of Q(R) are correlated among various values of R and also among panels of di↵erent energies. In the absence of

independent random variables, the relevant quantity to calculate is the probability of the overall patterns of deviations in all

the di↵erent energy panels.

We have performed a simple evaluation of the statistical significance of the signal by counting Monte Carlo runs that

deviate in the (10,40) GeV panel by more than +1� at 13 consecutive R values. This gives a probability of ' 1%. We could

c� 0000 RAS, MNRAS 000, 000–000
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PH

MBC

Blue Region 
-- best suited to 
probe field 
strength via halo 
size measurement 
 
 
 
Red Region 
-- best suited to 
probe coherence 
length (helicity) via 
halo shape 
measurement (Q-
statistic) 



•  Primordial magnetic fields represent an 
untapped probe of the early universe:  inflation, 
phase transitions, baryogenesis, … 

•  If future blazar halo observations confirm the 
presence of an intergalactic magnetic field, 
measurements of halo morphology may be 
used to probe magnetic strength and helicity 

Conclusions 


