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Figure 17. 95% lower limits on the field strength of the IGMF for ✓jet = 6�. Left: Exclusions for tmax = 10 years for
individual sources. Right: Combined exclusion limits for di↵erent blazar activity times. The solid lines indicate the combined
limits if the sources 1ES 0229+200 and 1ES 1218+304 are excluded from the sample. Above the blue dashed line, the small angle
approximation adopted by ELMAG breaks down for an increasing number of cascade photons (cf. Eq. (8) where an energy of
1GeV has been assumed for the cascade photons).

We derive combined limits on the IGMF by stacking the individual IGMF likelihoods of the individual sources. We
consider only the six sources that yield strong constraints by themselves. The results for di↵erent choices of tmax are
shown in the right panel of Fig. 17. Even for the most conservative case of tmax = 10 years, we are able to exclude
magnetic fields below ⇠ 3 ⇥ 10�16 G for � > 10�2 Mpc. If we additionally exclude the sources 1ES 1218+304 and
1ES 0229-200, for which evidence for variability has been found (Aliu et al. 2014), the limits weaken only marginally
for short activity times and by almost a factor of 5 for tmax = 107 years (solid lines in the right panel of Fig. 17).
For such long activity times, the limits improve by three orders of magnitude compared to tmax = 10 years, limiting
the B field to be above 3 ⇥ 10�13 G. For such high B fields however, one can see from Eq. (8) that the small angle
approximation adopted by ELMAG breaks down, which is indicated by the blue dashed line for cascade photons of
✏ = 1GeV. Due to the fact that ELMAG randomizes the deflection angles for large deflections and discards the photons
in case � > ✓jet, the results for long activity times also depend on the assumed opening angle. Assuming ✓jet = 1�

instead of ✓jet = 6� decreases the limits by a factor 1/2, as more photons are discarded. For ✓jet = 10� the results are
comparable to ✓jet = 6�. This e↵ect is not observed for tmax = 10 years where the limits are independent of ✓jet.
We do not test the impact of di↵erent EBL models as we expect the di↵erence in the limits to be negligible. This has

been shown in a sensitivity study by Meyer et al. (2016) for the Cherenkov Telescope Array (CTA) that also utilized
the ELMAG code and compared results for the EBL model of Domı́nguez et al. (2011) and Finke et al. (2010). The
slightly larger photon density of the Finke et al. model gives rise to more electron-positron pairs, estimated to be
of the order of 5% comparing the two EBL models above (Meyer et al. 2016). The resulting di↵erence of the limits
should consequently be small compared to the e↵ect of the uncertain blazar activity time scales.
A larger impact on the limits is given by the systematic uncertainty of the energy scale of IACTs. This is commonly

assumed to be of the order of ±15%, however, a cross-calibration between the Fermi LAT and IACTs using the
spectrum of the Crab nebula found the uncertainty to be of the order of 5% (Meyer et al. 2010). Nevertheless,
recalculating the limits for ✓jet = 6� and tmax = 10 years with a rescaling of the IACT energy scale by +15% and
�15% results in B & 4⇥ 10�16 G and B & 10�16 G, respectively, for � > 10�2 Mpc.

5.4. Discussion of IGMF Constraints

Even for the extremely conservative choice of tmax = 10 years, our results limit the IGMF to be larger than 3⇥10�16 G
for � & 10�2 Mpc. Thereby, our results improve the limits derived by Finke et al. (2015) by more than three orders of
magnitude, even though similar source sample and assumptions have been used (Finke et al. (2015) tested tmax = 3years
and a maximum primary �-ray energy equal to the highest energy data point of the IACT spectrum). One major
di↵erence is that Finke et al. (2015) use a semi-analytic calculation of the cascade (Dermer et al. 2011; Meyer et al.
2012) that only considers the first generation of the cascade. Repeating our analysis using the semi-analytic model
in Meyer et al. (2012), our limits weaken by a factor of five. The remaining di↵erences can be explained by the very
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- What is their origin? Early Universe? 
- If primordial origin, are there any implications?
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(The magnetic fields are the one of U(1)Y 
in the SM. )
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FIG. 1: Understanding the �B e↵ect. An external magnetic field tends to align the magnetic moments of the four electron
states – left-right handedness for electron and positron, denoted in the figure as L+, L�, R+, R� – which implies the shown
directionalities of the spin, momenta, and electric current due to each state . If the four states are present in unequal numbers,
net electric current may be induced.

FIG. 2: Understanding the �! e↵ect. Vortical fluid flow tends to align the spins of the four electron states which implies the
shown directionalities of the momenta and electric current due to each state . If the four states are present in unequal numbers,
net electric current may be induced.

Similarly, in Fig. 2, we explain the �! e↵ect, which occurs if the ambient fluid flow has vorticity (!). Spin-orbit
coupling tends to align the spins of the fermions; particle helicity then aligns the left-handed states but anti-aligns
the right-handed states, which leads to the electric currents as shown. Thus, in equilibrium,
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where ! = r⇥ v is the fluid vorticity.
The above expression for J�! holds when the left- and right-handed particles and antiparticles are in thermal

equilibrium at the same temperature. If some of the species are at di↵erent temperatures there is an additional
contribution per species to J�! proportional to eT

2! where T is the temperature of the particular species [16]. We
will not consider this situation in the present paper, though it may be important for the contribution of left- and
right-handed particles, especially neutrinos, to the hypercharge current in the epoch before electroweak symmetry
breaking.

The �B and �! e↵ects can only lead to a non-zero electric current if there is a disbalance between left- and right-
handed particles, that is, �µ 6= 0. Such a disbalance can arise in the early universe from out-of-equilibrium P -violating

(’12 Tashro+)

In the presence of chiral asymmetry, (hyper)electric currents are 
induced parallel to the (hyper)magnetic fields. 
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(Hyper)MFs feel instability  
if there are nonzero chiral chemical potential.

Modified Maxwell equation: 
dBY
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(Displacement current            is omitted  
since it is tiny in the MHD description)
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If     is negligibly small and      is kept constant,  one helicity mode 
of (hyper)MF  (depending on the sign of     ) feels instability  
at                       as                      .    (for         )

v
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(’97 Joyce&Shaposhnikov)

Maximally helical (hyper)MFs will be generated! 
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to Equation (38) for small perturbations in the form
B(t, x, z) = By(t, x, z)ey+∇× [A(t, x, z)ey], where ey is
the unit vector directed along the y axis. The functions
By(t, x, z) and A(t, x, z) are determined by

∂A(t, x, z)

∂t
= (vµ + αµ)By + (η + η

T
)∆A, (39)

∂By(t, x, z)

∂t
= −(vµ + αµ)∆A+ (η + η

T
)∆By, (40)

where ∆ = ∇2
x +∇2

z, and other components of the mag-
netic field are Bx = −∇zA and Bz = ∇xA.
We look for a solution of the mean-field Equations (39)

and (40) in the form:

A,By ∝ exp[γt+ i(kxx+ kzz)], (41)

where the growth rate of the large-scale dynamo insta-
bility is

γ = |(vµ + αµ) k|− (η + η
T
) k2 (42)

with k2 = k2x + k2z . The maximum growth rate of the
large-scale dynamo instability, attained at the wavenum-
ber

k ≡ kα =
|vµ + αµ|
2(η + η

T
)
, (43)

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (44)

For small magnetic Reynolds numbers, Re
M
= u0ℓ0/η =

3η
T
/η, this equation yields the correct result for the lam-

inar v2µ dynamo; see Equation (26).
As was shown in Paper I, the CME in the presence of

turbulence gives rise to the chiral αµ effect. The expres-
sion for αµ found for large Reynolds numbers and a weak
mean magnetic field, is

αµ = −
2

3
vµ lnReM

. (45)

Since the αµ effect in homogeneous turbulence is always
negative, while the vµ effect is positive, the chiral αµ
effect decreases the vµ effect. Both effects compensate
each others at Re

M
= 4.5 (see Paper I). However, for

large fluid and magnetic Reynolds numbers, vµ ≪ |αµ|,
we can neglect vµ in these equations. This case corre-
sponds to the large-scale α2

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

We have performed a higher resolution (5763) three-
dimensional numerical simulation to study chiral mag-
netically driven turbulence. The chiral Mach number of
this simulation is Maµ = 2 × 10−3, the chiral nonlinear-
ity parameter is λµ = 2 × 10−7, and the magnetic and
the chiral Prandtl numbers are unity. The velocity field
is initially zero and the magnetic field is Gaussian noise
with B = 10−6.
The time evolution of Brms, urms, ⟨A ·B⟩, µrms (multi-

plied by 2/λ), and ⟨A·B⟩+2µrms/λ of chiral magnetically
driven turbulence is shown in the top panel of Figure 8.
Here, four phases can be distinguished:
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Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while
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to Equation (38) for small perturbations in the form
B(t, x, z) = By(t, x, z)ey+∇× [A(t, x, z)ey], where ey is
the unit vector directed along the y axis. The functions
By(t, x, z) and A(t, x, z) are determined by
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= (vµ + αµ)By + (η + η

T
)∆A, (39)

∂By(t, x, z)
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= −(vµ + αµ)∆A+ (η + η

T
)∆By, (40)

where ∆ = ∇2
x +∇2

z, and other components of the mag-
netic field are Bx = −∇zA and Bz = ∇xA.
We look for a solution of the mean-field Equations (39)

and (40) in the form:

A,By ∝ exp[γt+ i(kxx+ kzz)], (41)

where the growth rate of the large-scale dynamo insta-
bility is

γ = |(vµ + αµ) k|− (η + η
T
) k2 (42)

with k2 = k2x + k2z . The maximum growth rate of the
large-scale dynamo instability, attained at the wavenum-
ber

k ≡ kα =
|vµ + αµ|
2(η + η

T
)
, (43)

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (44)

For small magnetic Reynolds numbers, Re
M
= u0ℓ0/η =

3η
T
/η, this equation yields the correct result for the lam-

inar v2µ dynamo; see Equation (26).
As was shown in Paper I, the CME in the presence of

turbulence gives rise to the chiral αµ effect. The expres-
sion for αµ found for large Reynolds numbers and a weak
mean magnetic field, is

αµ = −
2

3
vµ lnReM

. (45)

Since the αµ effect in homogeneous turbulence is always
negative, while the vµ effect is positive, the chiral αµ
effect decreases the vµ effect. Both effects compensate
each others at Re

M
= 4.5 (see Paper I). However, for

large fluid and magnetic Reynolds numbers, vµ ≪ |αµ|,
we can neglect vµ in these equations. This case corre-
sponds to the large-scale α2

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

We have performed a higher resolution (5763) three-
dimensional numerical simulation to study chiral mag-
netically driven turbulence. The chiral Mach number of
this simulation is Maµ = 2 × 10−3, the chiral nonlinear-
ity parameter is λµ = 2 × 10−7, and the magnetic and
the chiral Prandtl numbers are unity. The velocity field
is initially zero and the magnetic field is Gaussian noise
with B = 10−6.
The time evolution of Brms, urms, ⟨A ·B⟩, µrms (multi-

plied by 2/λ), and ⟨A·B⟩+2µrms/λ of chiral magnetically
driven turbulence is shown in the top panel of Figure 8.
Here, four phases can be distinguished:
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Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while

(’17 Schober+)

The evolution of MFs involve the velocity fields, which requires 
full MHD study. This has been done recently and whole picture 
has been established. 

(’17 Schober+) 1. Amplification with negligible  
v-field and constant µY
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the unit vector directed along the y axis. The functions
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= −(vµ + αµ)∆A+ (η + η

T
)∆By, (40)

where ∆ = ∇2
x +∇2

z, and other components of the mag-
netic field are Bx = −∇zA and Bz = ∇xA.
We look for a solution of the mean-field Equations (39)

and (40) in the form:

A,By ∝ exp[γt+ i(kxx+ kzz)], (41)

where the growth rate of the large-scale dynamo insta-
bility is

γ = |(vµ + αµ) k|− (η + η
T
) k2 (42)

with k2 = k2x + k2z . The maximum growth rate of the
large-scale dynamo instability, attained at the wavenum-
ber

k ≡ kα =
|vµ + αµ|
2(η + η

T
)
, (43)

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (44)

For small magnetic Reynolds numbers, Re
M
= u0ℓ0/η =

3η
T
/η, this equation yields the correct result for the lam-

inar v2µ dynamo; see Equation (26).
As was shown in Paper I, the CME in the presence of

turbulence gives rise to the chiral αµ effect. The expres-
sion for αµ found for large Reynolds numbers and a weak
mean magnetic field, is

αµ = −
2

3
vµ lnReM

. (45)

Since the αµ effect in homogeneous turbulence is always
negative, while the vµ effect is positive, the chiral αµ
effect decreases the vµ effect. Both effects compensate
each others at Re

M
= 4.5 (see Paper I). However, for

large fluid and magnetic Reynolds numbers, vµ ≪ |αµ|,
we can neglect vµ in these equations. This case corre-
sponds to the large-scale α2

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

We have performed a higher resolution (5763) three-
dimensional numerical simulation to study chiral mag-
netically driven turbulence. The chiral Mach number of
this simulation is Maµ = 2 × 10−3, the chiral nonlinear-
ity parameter is λµ = 2 × 10−7, and the magnetic and
the chiral Prandtl numbers are unity. The velocity field
is initially zero and the magnetic field is Gaussian noise
with B = 10−6.
The time evolution of Brms, urms, ⟨A ·B⟩, µrms (multi-

plied by 2/λ), and ⟨A·B⟩+2µrms/λ of chiral magnetically
driven turbulence is shown in the top panel of Figure 8.
Here, four phases can be distinguished:
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Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while
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Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while

2. v-field develops and 
amplification gets milder. 

(’17 Schober+)

The evolution of MFs involve the velocity fields, which requires 
full MHD study. This has been done recently and whole picture 
has been established. 

(’17 Schober+) 1. Amplification with negligible  
v-field and constant µY
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to Equation (38) for small perturbations in the form
B(t, x, z) = By(t, x, z)ey+∇× [A(t, x, z)ey], where ey is
the unit vector directed along the y axis. The functions
By(t, x, z) and A(t, x, z) are determined by

∂A(t, x, z)

∂t
= (vµ + αµ)By + (η + η

T
)∆A, (39)

∂By(t, x, z)

∂t
= −(vµ + αµ)∆A+ (η + η

T
)∆By, (40)

where ∆ = ∇2
x +∇2

z, and other components of the mag-
netic field are Bx = −∇zA and Bz = ∇xA.
We look for a solution of the mean-field Equations (39)

and (40) in the form:

A,By ∝ exp[γt+ i(kxx+ kzz)], (41)

where the growth rate of the large-scale dynamo insta-
bility is

γ = |(vµ + αµ) k|− (η + η
T
) k2 (42)

with k2 = k2x + k2z . The maximum growth rate of the
large-scale dynamo instability, attained at the wavenum-
ber

k ≡ kα =
|vµ + αµ|
2(η + η

T
)
, (43)

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (44)

For small magnetic Reynolds numbers, Re
M
= u0ℓ0/η =

3η
T
/η, this equation yields the correct result for the lam-

inar v2µ dynamo; see Equation (26).
As was shown in Paper I, the CME in the presence of

turbulence gives rise to the chiral αµ effect. The expres-
sion for αµ found for large Reynolds numbers and a weak
mean magnetic field, is

αµ = −
2

3
vµ lnReM

. (45)

Since the αµ effect in homogeneous turbulence is always
negative, while the vµ effect is positive, the chiral αµ
effect decreases the vµ effect. Both effects compensate
each others at Re

M
= 4.5 (see Paper I). However, for

large fluid and magnetic Reynolds numbers, vµ ≪ |αµ|,
we can neglect vµ in these equations. This case corre-
sponds to the large-scale α2

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

We have performed a higher resolution (5763) three-
dimensional numerical simulation to study chiral mag-
netically driven turbulence. The chiral Mach number of
this simulation is Maµ = 2 × 10−3, the chiral nonlinear-
ity parameter is λµ = 2 × 10−7, and the magnetic and
the chiral Prandtl numbers are unity. The velocity field
is initially zero and the magnetic field is Gaussian noise
with B = 10−6.
The time evolution of Brms, urms, ⟨A ·B⟩, µrms (multi-

plied by 2/λ), and ⟨A·B⟩+2µrms/λ of chiral magnetically
driven turbulence is shown in the top panel of Figure 8.
Here, four phases can be distinguished:
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Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while
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dimensional numerical simulation to study chiral mag-
netically driven turbulence. The chiral Mach number of
this simulation is Maµ = 2 × 10−3, the chiral nonlinear-
ity parameter is λµ = 2 × 10−7, and the magnetic and
the chiral Prandtl numbers are unity. The velocity field
is initially zero and the magnetic field is Gaussian noise
with B = 10−6.
The time evolution of Brms, urms, ⟨A ·B⟩, µrms (multi-

plied by 2/λ), and ⟨A·B⟩+2µrms/λ of chiral magnetically
driven turbulence is shown in the top panel of Figure 8.
Here, four phases can be distinguished:

u
r
m
s
,
B

r
m
s
,
2µ

r
m
s
/λ

,
an

d
⟨A

·B
⟩

γ
t η

laminar dynamo

mean-field

γ (for Brms)

γ (for urms)

theory

theory

B
/B

r
m
s

t/tη

Brms

urms

⟨A ·B⟩
2µrms/λ

⟨A ·B⟩+ 2µrms/λ

10−14

10−12

10−10

10−8

10−6

10−4

10−2

100

102

0

20

40

60

80

100

120

140

160

180

10−2

10−1

100

0 0.1 0.2 0.3 0.4 0.5

Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while

1. Amplification with negligible  
v-field and constant µY
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3. Magnetic helicity fully  
developed and saturated.  
     starts to decay. µY

5
<latexit sha1_base64="Z7JaG6PGhPHtn2Jzhzwd0zBcWeg=">AAACEnicbVDLSgMxFL1TX7W+qi7dhBahqzIVRN0V3bis4NhKO5ZMJtOGJpkhyQhl6Ee4cKOf4krc+gOCC//CreljYasHAodz7uWenCDhTBvX/XByS8srq2v59cLG5tb2TnF370bHqSLUIzGPVSvAmnImqWeY4bSVKIpFwGkzGFyM/eY9VZrF8toME+oL3JMsYgQbKzU7Iu0e3912i2W36k6A/pLajJTrpcrnFwA0usXvThiTVFBpCMdat2tuYvwMK8MIp6NCJ9U0wWSAe7RtqcSCaj+bxB2hQ6uEKIqVfdKgifp7I8NC66EI7KTApq8XvbH4rxeIucuZttH6NFyIY6JTP2MySQ2VZJomSjkyMRoXhEKmKDF8aAkmitkPIdLHChNjayzYpmqLvfwl3lH1rOpe2cbOYYo8HEAJKlCDE6jDJTTAAwIDeIAneHYenRfn1Xmbjuac2c4+zMF5/wGgwqDd</latexit><latexit sha1_base64="t161Xppn2vI1wfg5/AhufyuG1/M=">AAACEnicbVDLSgMxFL1TX7W+qi7dhBahqzIjSHVXdOOygmMrbS2ZTKYNTWaGJCOUoR/hwo39FFfiSvAHRP/DreljYVsPBA7n3Ms9OV7MmdK2/WllVlbX1jeym7mt7Z3dvfz+wa2KEkmoSyIeyYaHFeUspK5mmtNGLCkWHqd1r3859usPVCoWhTd6ENO2wN2QBYxgbaR6SySd0/u7Tr5ol+0J0DJxZqRYLZS+vyrvo1on/9PyI5IIGmrCsVJNx451O8VSM8LpMNdKFI0x6eMubRoaYkFVO53EHaJjo/goiKR5oUYT9e9GioVSA+GZSYF1Ty16Y/FfzxNzl1NlovWovxBHB2ftlIVxomlIpmmChCMdoXFByGeSEs0HhmAimfkQIj0sMdGmxpxpylnsZZm4J+Xzsn1tGruAKbJwBAUogQMVqMIV1MAFAn14hGcYWU/Wi/VqvU1HM9Zs5xDmYH38AvfuonM=</latexit><latexit sha1_base64="t161Xppn2vI1wfg5/AhufyuG1/M=">AAACEnicbVDLSgMxFL1TX7W+qi7dhBahqzIjSHVXdOOygmMrbS2ZTKYNTWaGJCOUoR/hwo39FFfiSvAHRP/DreljYVsPBA7n3Ms9OV7MmdK2/WllVlbX1jeym7mt7Z3dvfz+wa2KEkmoSyIeyYaHFeUspK5mmtNGLCkWHqd1r3859usPVCoWhTd6ENO2wN2QBYxgbaR6SySd0/u7Tr5ol+0J0DJxZqRYLZS+vyrvo1on/9PyI5IIGmrCsVJNx451O8VSM8LpMNdKFI0x6eMubRoaYkFVO53EHaJjo/goiKR5oUYT9e9GioVSA+GZSYF1Ty16Y/FfzxNzl1NlovWovxBHB2ftlIVxomlIpmmChCMdoXFByGeSEs0HhmAimfkQIj0sMdGmxpxpylnsZZm4J+Xzsn1tGruAKbJwBAUogQMVqMIV1MAFAn14hGcYWU/Wi/VqvU1HM9Zs5xDmYH38AvfuonM=</latexit>

(’17 Schober+)

The evolution of MFs involve the velocity fields, which requires 
full MHD study. This has been done recently and whole picture 
has been established. 

(’17 Schober+)

2. v-field develops and 
amplification gets milder. 
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to Equation (38) for small perturbations in the form
B(t, x, z) = By(t, x, z)ey+∇× [A(t, x, z)ey], where ey is
the unit vector directed along the y axis. The functions
By(t, x, z) and A(t, x, z) are determined by

∂A(t, x, z)

∂t
= (vµ + αµ)By + (η + η

T
)∆A, (39)

∂By(t, x, z)

∂t
= −(vµ + αµ)∆A+ (η + η

T
)∆By, (40)

where ∆ = ∇2
x +∇2

z, and other components of the mag-
netic field are Bx = −∇zA and Bz = ∇xA.
We look for a solution of the mean-field Equations (39)

and (40) in the form:

A,By ∝ exp[γt+ i(kxx+ kzz)], (41)

where the growth rate of the large-scale dynamo insta-
bility is

γ = |(vµ + αµ) k|− (η + η
T
) k2 (42)

with k2 = k2x + k2z . The maximum growth rate of the
large-scale dynamo instability, attained at the wavenum-
ber

k ≡ kα =
|vµ + αµ|
2(η + η

T
)
, (43)

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (44)

For small magnetic Reynolds numbers, Re
M
= u0ℓ0/η =

3η
T
/η, this equation yields the correct result for the lam-

inar v2µ dynamo; see Equation (26).
As was shown in Paper I, the CME in the presence of

turbulence gives rise to the chiral αµ effect. The expres-
sion for αµ found for large Reynolds numbers and a weak
mean magnetic field, is

αµ = −
2

3
vµ lnReM

. (45)

Since the αµ effect in homogeneous turbulence is always
negative, while the vµ effect is positive, the chiral αµ
effect decreases the vµ effect. Both effects compensate
each others at Re

M
= 4.5 (see Paper I). However, for

large fluid and magnetic Reynolds numbers, vµ ≪ |αµ|,
we can neglect vµ in these equations. This case corre-
sponds to the large-scale α2

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

We have performed a higher resolution (5763) three-
dimensional numerical simulation to study chiral mag-
netically driven turbulence. The chiral Mach number of
this simulation is Maµ = 2 × 10−3, the chiral nonlinear-
ity parameter is λµ = 2 × 10−7, and the magnetic and
the chiral Prandtl numbers are unity. The velocity field
is initially zero and the magnetic field is Gaussian noise
with B = 10−6.
The time evolution of Brms, urms, ⟨A ·B⟩, µrms (multi-

plied by 2/λ), and ⟨A·B⟩+2µrms/λ of chiral magnetically
driven turbulence is shown in the top panel of Figure 8.
Here, four phases can be distinguished:
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Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while
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Since the αµ effect in homogeneous turbulence is always
negative, while the vµ effect is positive, the chiral αµ
effect decreases the vµ effect. Both effects compensate
each others at Re
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= 4.5 (see Paper I). However, for

large fluid and magnetic Reynolds numbers, vµ ≪ |αµ|,
we can neglect vµ in these equations. This case corre-
sponds to the large-scale α2

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

We have performed a higher resolution (5763) three-
dimensional numerical simulation to study chiral mag-
netically driven turbulence. The chiral Mach number of
this simulation is Maµ = 2 × 10−3, the chiral nonlinear-
ity parameter is λµ = 2 × 10−7, and the magnetic and
the chiral Prandtl numbers are unity. The velocity field
is initially zero and the magnetic field is Gaussian noise
with B = 10−6.
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Fig. 8.— Chiral magnetically driven turbulence. Time
evolution for different quantities.

(1) The kinematic phase of small-scale chiral dynamo
instability resulting in exponential growth of small-scale
magnetic field due to the CME. This phase ends approx-
imately at t = 0.05tη.
(2) The first nonlinear phase resulting in production

of chiral magnetically driven turbulence. In this phase
urms grows from very weak noise over seven orders of
magnitude up to nearly equipartition value between tur-
bulent kinetic and magnetic energies, due to the Lorentz
force in the Navier-Stokes equation.
(3) The second nonlinear phase resulting in large-

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase the velocity stays approximately constant, while

(’17 Schober+) 4. MFs are now driven by  
velocity fields and evolve with inverse 
cascade,        
     becomes smaller and smaller. µY
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Bp � a�7/3, �B � a5/3

(’17 Schober+)

3. Magnetic helicity fully  
developed and saturated.  
     starts to decay. µY
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1. Amplification with negligible  
v-field and constant µY
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2. v-field develops and 
amplification gets milder. 
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(determined by the initial conditions) gets transferred to
magnetic helicity. As shown by Boyarsky et al. (2012)
(see also Joyce & Shaposhnikov (1997) for the earlier
work as well as Tashiro et al. (2012) and Hirono et al.
(2015) for more discussion), and confirmed by numeri-
cal simulations in Brandenburg et al. (2017b) and in the
present work, the chiral chemical potential µ at this stage
follows kM and thus decreases with time. Therefore, most
of the chiral charge will be transferred with time into
magnetic helicity,

⟨A ·B⟩ ≃ ξM⟨B2⟩ →
2µ0

λ
, (58)

switching off the CME (the end of “Phase 3” in Fig-
ure 17).

6.1.2. Chiral MHD and cosmic magnetic fields

Magnetic fields produced by chiral dynamos are fully
helical. This implies that, when the CME has be-
come negligible, the subsequent phase of decaying heli-
cal turbulence begins and the magnetic energy decreases,
while the magnetic correlation length increases in such
a way that the magnetic helicity (58) is conserved for
very small magnetic diffusivity (Biskamp & Müller 1999;
Kahniashvili et al. 2013b).
Based on Equation (58), one can estimate the mag-

netic helicity today; see also Brandenburg et al. (2017b).
Taking as an estimate for the chiral chemical potential
µ5 ∼ kBT (this means that the density of the chiral
charge is of the order of the number density of photons),
one finds:

⟨B2⟩ξM ≃
!c

4αem

g0
g∗

n(0)
γ ≃ 6 × 10−38G2 Mpc. (59)

Here the present number density of photons is n(0)
γ =

411 cm−3, and the ratio g0/g∗ ≈ 3.36/106.75 of the effec-
tive relativistic degrees of freedom today and at the EW
epoch appears, because the photon number density di-
lutes as T 3 while the magnetic helicity dilutes as a−3. We
recall that, to arrive at the numerical value in G2 Mpc
given in Equation (59), an additional 4π factor was ap-
plied to convert to Gaussian units.
Under the assumption that the spectrum of the cos-

mic magnetic field is sharply peaked at some scale
ξ0 (as is the case in all the simulations presented
here), the lower bounds on magnetic fields, inferred
from the non-observation of GeV cascades from TeV
sources (Neronov & Vovk 2010; Tavecchio et al. 2010;
Dolag et al. 2011) can be directly translated into a bound
on magnetic helicity today. The observational bound

scales as |B| ∝ ξ−1/2
0 for ξ0 < 1Mpc (Neronov & Vovk

2010) and therefore ⟨B2⟩ξ0 = const > 8×10−38G2 Mpc.
The numerical value is obtained using the most conserva-
tive bound |B| ≥ 10−18G at 1Mpc (Dermer et al. 2011,
see also Durrer & Neronov 2013).
The limit given by Equation (59) is quite general. It

does not rely on chiral MHD or the chiral magnetic effect,
but simply re-interprets the bounds of Neronov & Vovk
(2010), Tavecchio et al. (2010), Dolag et al. (2011), and
Dermer et al. (2011) as bounds on magnetic helicity.
Given such an interpretation, we conclude that if cos-
mic magnetic fields are helical and have a cosmologi-
cal origin, then at some moment in the history of the
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Fig. 19.— Chiral MHD dynamos in the early Universe.
The magnetic field strength resulting from a chiral dynamo as a
function of correlation length in comoving units and comparison
with observational constraints. The differently colored lines show
the chiral magnetically produced magnetic field strength in the
range between the injection length µ−1 and the saturation length
k−1

λ ; see Equations (50) and (20), respectively. The colors indicate
different values of the chiral chemical potential: Red refers to the
value of µ0 given in Equation (51), blue to 10−2µ0, and purple to
102µ0. The dashed gray line is an upper limit on the intergalac-
tic magnetic field from Zeeman splitting. Solid gray lines, refer
to the lower limits reported by Neronov & Vovk (2010) (“NV10”)
and Dermer et al. (2011) (“D+11”), respectively. The vertical dot-
ted gray lines show the horizon at kBT = 100GeV and 100MeV
correspondingly. The thin colored arrows refer to the nonlinear
evolution of magnetic fields in an inverse cascade in helical turbu-
lence up to the final value as given in Banerjee & Jedamzik (2004)
(line “BJ04”).

Universe a density of the chiral charge was much larger
than nγ(T ). This chiral charge can be, for example, in
the form of magnetic helicity or of chiral asymmetry of
fermions, or both. To generate such a charge density,
some new physics beyond the Standard Model of elemen-
tary particles is required. Below we list several possible
mechanisms that can generate large initial chiral charge
density:
(1) The upper bound in Equation (59) assumes that

only one fermion of the Standard Model developed a chi-
ral asymmetry ∼ nγ . Many fermionic species are present
in the plasma at the electroweak epoch. They all can
have left-right asymmetric population of comparable size,
increasing the total chirality by a factor O(10), which
makes the estimate (59) consistent with the lower bound
from Dermer et al. (2011). One should check of course,
whether for more massive fermions the chirality flipping
rate is much slower than the dynamo growth rate deter-
mined by Equation (52).
(2) The estimate (59) assumed that left-right asym-

metry was created via thermal processes. Of course, new
physics at EW epoch can result in non-thermal produc-
tion of chiral asymmetry (e.g. via decays of some long-
lived particles), thus leading to n5 ≫ nγ and so increas-
ing the limit (59).
(3) The left-right asymmetry may be produced as a

consequence of the decay of helical hypermagnetic fields
prior to the EW epoch. Such a scenario, relating hy-
permagnetic helicity to the chiral asymmetry has been
discussed previously, e.g. in Giovannini & Shaposhnikov
(1998); Semikoz et al. (2012). A conservation law similar

The MFs continue to evolve until today and exist in the intergalactic void with the properties
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These intergalactic MFs with positive helicities are the smoking-gun of that scenario, as

argued in Ref. [9].

III. (RE)GENERATION OF BARYON ASYMMETRY

Eq. (5) suggests that the chiral asymmetry (as well as the baryon asymmetry) will not be

completely washed out in the presence of hypermagnetic helicity but reach at the equilibra-

tion, dµ5,Y /d⌧ ' 0 [8, 9]. Moreover, when the electroweak symmetry breaking takes place,

the hypermagnetic helicity is transferred to the (electro)magnetic helicity, which gives a non-

zero contribution to the anomaly equation for the B+L asymmetry. This e↵ect has been

studied in detail in Ref. [9], which shows that in the SM crossover with the 125 GeV Higgs

boson the e↵ect lasts for a while after the freezeout of the EW sphalerons and hence the

B+L asymmetry is not washed out completely. The resultant baryon and lepton asymmetry

of the Universe today is evaluated as
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where g and g
0 are the SM SU(2)L and U(1)Y gauge couplings, s is the entropy density,

nB is the baryon number density, ✓W is the temperature-dependent e↵ective weak mixing

6

structure, the e↵ects of the fluid velocity on the evolution of hyperMFs are no longer neg-

ligible when the eddy turnover scale �et = v⌧ reaches at the instability scale �c ⌘ 2⇡/kc.

This happens when the hyperMFs evolve up to BY ' (⇡2
g⇤/30)1/22↵Y µ

i
5,Y T

2
i /(��Y ). For

c1 ' O(1), the hypermagnetic helicity is still smaller than the chiral chemical potential,

µ5,Y � 3c1y2eR↵Y h/(⇡T 2
i ), and the hyperMFs still continue to be amplified, with the comov-

ing coherent length satisfying �Y ' v⌧ ' �BY ⌧/
p
⇢ [6].

The amplification of the hyperMFs terminates when the hypermagnetic helicity is sat-

urated, 3c1y2eR↵Y h/(⇡T 2
i ) ' µ

i
5,Y . The resultant physical hyperMF strength and coherent

length at the saturation are evaluated as
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After the saturation, the hyperMFs evolve according to the inverse cascade law, BY /

⌧
�1/3

,�Y / ⌧
2/3 [6, 11] supported by the velocity fields, while the chiral asymmetry is erased

so that Eq. (5) reaches to the equilibration, dµ5,Y /d⌧ ' 0 [8, 9]. At the temperature T during

radiation domination before the electroweak symmetry breaking, the physical properties of

the hyperMFs are given by
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            can explain  
the blazar observation. 

(’18 KK)
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Courtesy H.Oide

Can it be realized in the SM or well-motivated BSM?
- Approximated conservation of chirality
- Large initial chiral asymmetry

=> Yes. Even in the SM.

Chirality carried by R-handed electrons is 
conserved when its Yukawa interaction is weak T � 80TeV
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Other interactions (Yukawa, Sphalerons) redistribute 
the chemical potentials to (partial) equilibrium as

(’92 Campbell+)

(a lá ’90 Harvey&Turner)
µQi

L
+ µH � µui

R
= 0, · · ·
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Yukawa interaction:

Sphalerons:

Charge conservation:
�

i

yiµi = 0, · · ·
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e.g.)
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If SU(5) 5 Higgs decay only 
into the first generation, at the 
time of decay we have

µu1
L

= µd1
L

= µu1
R

=
1
3
µe1

R
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(’18 KK)
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For                   instability grows earlier. 



Courtesy H.Oide

Can it be realized in the SM or well-motivated BSM?
- Approximated conservation of chirality
- Large initial chiral asymmetry => Well, BSM might be.

SU(5) 5 Higgs decay, one of the process in the GUT baryogenesis, 
can generate     asymmetry. eR
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But simple GUT baryogenesis does not work well. 
- Need to avoid the monopole problem.  
- Usually SU(5) 5 Higgs couples strongly to 2nd & 3rd generation.

e.g. Yoshimura (’78)

Large chiral asymmetry is generated if…
- SU(5) 5 scalar is produced through a specific effect 
  such as instant preheating.  
- SU(5) 5 scalar then dominates the Universe.  
- SU(5) 5 scalar mainly decay into 1st generation fermions. 

which can give large      asymmetry 
µY
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Realistic model building is a remaining task. 
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Baryogenesis from hypermagnetic helicity
Interesting consequence of helical hypermagnetic fields

… baryogenesis from SM chiral anomaly
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Baryogenesis from hypermagnetic helicity
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SU(2) part:“EW sphaleron” U(1) part: often neglected

✓W(t)

BY Bem

BZ

BW 3

BA

Figure 1: A graphical representation of the conversion from hypermagnetic field BY into elec-

tromagnetic field Bem during the EW crossover. The (blue) parabolas indicate the curvature of

the thermal e↵ective potential. The weak mixing angle ✓W(t) measures the separation of the flat

direction (massless field degree of freedom) and the U(1)Y axis.

evolution of the massless field degree of freedom, we have reduced the problem to a single degree

of freedom as represented by the classical vector field Aµ(x).

The Ansatz (2.3) is represented graphically in Fig. 1, which illustrates the conversion from

hypermagnetic field to electromagnetic field. Here we denote the magnetic field of a gauge field Y

as BY ⌘ r⇥Y. We have drawn the figure so as to suggest that |BA| does not decrease appreciably

during the EW crossover. As we will explain later, this is the case because Aµ evolves slowly

according to the cosmic expansion and the inverse cascade.

Having generalized the gauge field Ansatz from our earlier work, we are now prepared to

revisit the calculation of source terms (2.2). Using the Ansatz in Eq. (2.3), the source terms can

be written as

S
bkg
w =

1

2

⇣ 1

sT

1

16⇡2

⌘
g2
⇣
sin2 ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4a)

S
bkg
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⇣ 1

sT

1

16⇡2

⌘
g02

⇣
cos2 ✓W(t)Aµ⌫Ã

µ⌫ � 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4b)

S
bkg
yw = 2

⇣ 1

sT

1

16⇡2

⌘
gg0

⇣
sin ✓W(t) cos ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
cos 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4c)

where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual

7

- Most efficient around EWSB 
- Baryon asymmetry remains against  
  the EW sphaleron washout

H =
�

d3x�ijkYi�jYk

= V

�
d3k

(2�)3
k

�
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k |2 � |Y L
k |2

�

Hypermagnetic helicity Chiral anomaly

(’16 KK&Long)

Interesting consequence of helical hypermagnetic fields
… baryogenesis from SM chiral anomaly

(’98 Giovannini&Shaposhnikov, ’16 KK&Long)
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Figure 4: The relic baryon asymmetry as a function of the relic magnetic field strength and coher-

ence length today. The five pairs of colored lines correspond to the di↵erent parameterizations of

✓W(t) in Fig. 2: the solid lines show the result of numerical integration, ⌘B(T = 100 GeV), and the

dashed lines show the analytic approximation (3.6) evaluated at T = 135 GeV. The (gray) dotted

curve corresponds to the calculation in Ref. [58].

baryon asymmetry is too large, then our calculation is unreliable. Specifically, in deriving the

Boltzmann equations [58] we have assumed that µi/T ⌧ 1 for the chemical potentials µi associated

with each of the SM particle species. The corresponding abundance is calculated as ⌘ = µT 2/(6s) '

(4⇥10�3)(µ/T ) with s = (2⇡2/45)g⇤ST 3 the entropy density and g⇤S ' 106.75. Then, the condition

µi/T ⌧ 1 implies ⌘i ⌧ 10�3. Consequently, the formula in Eq. (3.6) for the equilibrium baryon

asymmetry cannot be trusted6 if ⌘B � 10�3, but the calculation is certainly reliable for ⌘B as large

as 10�10. We discuss further in Appendix A the reliability of our calculation in the large ⌘B regime.

5 Avoiding Baryon-Number Over-Production

As we discussed in the Introduction, various blazar observations provide evidence for the existence

of an intergalactic magnetic field with strength B0 & 10�14 G and coherence length �0 & 1 pc.

However, our calculations of the relic baryon asymmetry, which are summarized in Fig. 4, imply

6One might wonder whether the conclusion of baryon number over-production can be avoided in the strong field

regime where a more sophisticated calculation is required to accurately infer the late-time behavior of ⌘B . While we

cannot exclude this possibility outright, we cannot envisage any mechanism that would suppress ⌘B back down to

order 10�10.
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from the individual p-values for each source, Paccept,k, where Ns

is the number of sources. Fisher’s method assures that the TS is
distributed as a χ2 distribution with 2Ns degrees of freedom.
This χ2 distribution is integrated, giving the overall p-value of
acceptance, Paccept,com. We choose to present the combined
results for rejecting a model as the equivalent number of sigma
for which the model is rejected if the errors were distributed as
a normal distribution. That is, the number of sigma a model is
rejected is 4 � � P2 erf .1

accept,com( )

4. RESULTS

4.1. Results with Conservative Assumptions

Here we show the results for our conservative assumptions.
We choose a jet opening angle of θj = 0.1 rad, roughly
consistent with values from VLBI measurements (Jorstad
et al. 2005), and the EBL model from (Finke et al. 2010, their
“model C”). For the calculation of Fcascade,min we use tblazar = 3
years and Emax equal to the central energy of the maximum
observed bin from the IACTs. This tblazar is the typical time
between observations for the objects in our sample, and the
typical time for which we know the sources are not variable.
For calculation of Fcascade,max we use tblazar = 1/H0, i.e., we
assume the blazar has been emitting VHE γ-rays at the level
currently observed for the entire age of the universe; and
Emax = 100 TeV. For calculation of Fcascade,max the deabsorbed
VHE points are fit with a power law and extrapolated to
100 TeV to calculate the cascade component. The VHE
spectrum is assumed to have a hard cutoff at Emax. That is,
this assumes that the source does not emit any γ-rays
above Emax.

Our conservative results can be seen in Figure 4. One can see
that high magnetic field values (B  10−12 G for LB  1Mpc)
are not significantly ruled out, while low values (B  10−16 G
at 10−10 Mpc; B  10−21 G for LB  1Mpc) are ruled out at
≈7.2σ. For LB  1Mpc, the allowed B is essentially
independent of LB, since above this LB the electrons will lose
most of their energy from scattering within a single coherence
length. For LB  1Mpc, the allowed B goes as r �B LB

1 2 due
to the random change in direction of B, and hence the direction
of the electrons’ acceleration, as they cross several coherence

lengths. This overall dependence of the constraints on B and LB
has been pointed out previously by Neronov & Semikoz (2009)
and Neronov & Vovk (2010). There is a strange shape in the
contours at 1–10Mpc due to this transition region, and due to
the coarseness of our grid, which is one order of magnitude in
both B and LB.
Low magnetic field values are inconsistent with the data at

>5σ. We consider this to be quite a significant constraint. Since
many authors (e.g., Neronov & Vovk 2010; Dermer
et al. 2011) have ruled out low B values if the cascade
component is above the LAT 2σ upper limits, those authors are
implicitly ruling out the B values at the 2σ level. The high
magnetic field values are not significantly ruled out. The most
constraining sources in our sample for low B values turned out
to be 1ES 0229+200, 1ES 0347–121, and 1ES 1101–232, all
of which individually ruled out low B values at 4.5σ.
Our lower limits on B are lower than what many previous

authors have found in a similar fashion, but assuming tblazar= 1/
H0 (e.g., Neronov & Vovk 2010; Tavecchio et al. 2010, 2011;
Dolag et al. 2011). We compute a constraint with this less
conservative assumption on tblazar below in Section 4.3 for
comparison. Several authors have constrained the IGMF to be
B  10−18 G for LB = 1Mpc by using a shorter tblazar as we do
(e.g., Dermer et al. 2011; Taylor et al. 2011; Vovk et al. 2012).
Our lower limits are generally consistent with these authors,
although slightly lower (B > 10−19 G). The minor difference
could be due to the fact that we assume a sharp cutoff at high
energies in the intrinsic spectrum at the maximum VHE energy
bin observed from a source, while other authors extrapolate
above this energy in some way, typically with an exponential
form. This makes our results more conservative.

4.2. Robustness

In general, we consider our assumptions, and the results
found in Section 4.1, to be quite reasonable, and indeed quite
conservative. However, to be thorough, we have tested the
robustness of these results by varying some of the assumptions,
particularly those that would weaken the constraints, and
seeing if this made a significant difference in our results.
The first item we explored is the EBL model. One would

expect that the parameter space will be ruled out with greater
significance if a more intense and absorbing EBL model is
used, while it would be ruled out with lesser significance if a
less intense EBL model is used. We performed simulations for
a less intense EBL model, namely the model of Kneiske &
Dole (2010). This model was designed to be as close as
possible to the observed lower limits on the EBL from galaxy
counts; however, note that for some regions of parameter space,
other EBL models predict less absorption. The results can be
seen in Figure 5. The low B values are ruled out at 5.5σ, while
the high B values are still unconstrained. We also performed
simulations with the model of Franceschini et al. (2008), which
has a similar overall normalization as the Finke et al. (2010)
model, but its SED has a bit different shape. With this model
we found that low B values are ruled out at 6.7σ, and high B
values are again unconstrained.
There has been some evidence in recent years that the source

1ES 0229+200 is variable at VHE energies (Aliu et al. 2014),
as is 1ES 1218+304. We have therefore left out these sources
when computing our constraints, and the results can be seen in
Figure 6. Similar regions of parameter space are ruled out, but
at much less significance; low values of B are ruled out at 6.0σ.

Figure 4. Values of parameter space of B and LB ruled out for the combined
conservative results of Section 4.1 for all of our objects. The contours represent
the significance a particular region of parameter space is ruled out, in number
of sigma, as indicated by the bar. These constraints assume the Finke et al.
(2010) EBL model and θj = 0.1 rad.
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Fig. 4.— The values of parameter space of B and LB ruled out
for the combined conservative results of Section 4.1 for all of our
objects. The contours represent the significance a particular region
of parameter space is ruled out, in number of sigma, as indicated
by the bar. These constraints assume the Finke et al. (2010) EBL
model and θj = 0.1 rad.

There is a strange shape in the contours at 1 − 10 Mpc
due to this transition region, and due to the coarseness
of our grid, which is one order of magnitude in both B
and LB.
Low magnetic field values are inconsistent with the

data at > 5σ. We consider this quite a significant con-
straint. Since many authors (e.g., Neronov & Vovk 2010;
Dermer et al. 2011) have ruled out low B values if the
cascade component is above the LAT 2σ upper limits,
those authors are implicitly ruling out the B values at the
2σ level. The high magnetic field values are not signifi-
cantly ruled out. The most constraining sources in our
sample for low B values turned out to be 1ES 0229+200,
1ES 0347−121, and 1ES 1101−232, all of which individ-
ually ruled out low B values at ! 4.5σ.
Our lower limits on B are lower than what many

previous authors have found in a similar fashion, but
assuming tblazar = 1/H0 (e.g. Neronov & Vovk 2010;
Tavecchio et al. 2010, 2011; Dolag et al. 2011). We com-
pute a constraint with this less conservative assumption
on tblazar below in Section 4.3 for comparison. Several
authors have constrained the IGMF to be B ! 10−18 G
for LB = 1 Mpc by using a shorter tblazar as we do (e.g.,
Dermer et al. 2011; Taylor et al. 2011; Vovk et al. 2012).
Our lower limits are generally consistent with these au-
thors, although slightly lower (B > 10−19 G). The minor
difference could be due to the fact that we assume a sharp
cutoff at high energies in the intrinsic spectrum at the
maximum VHE energy bin observed from a source, while
other authors extrapolate above this energy in some way,
typically with an exponential form. This makes our re-
sults more conservative.

4.2. Robustness

In general, we consider our assumptions, and the re-
sults found in Section 4.1 quite reasonable, and indeed
quite conservative. However, to be thorough, we have
tested the robustness of these results by varying some of
the assumptions, particularly those that would weaken
the constraints, and seeing if this made a significant dif-
ference in our results.
The first item we explored is the EBL model. One

would expect that the parameter space will be ruled out

-10 -8 -6 -4 -2 0 2 4
log(LB/Mpc)

-20
-18
-16
-14
-12
-10
-8
-6

lo
g(
B/
G
au
ss
)

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Fig. 5.— The same as Figure 4, only with the EBL model of
Kneiske & Dole (2010).
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Fig. 6.— The same as Figure 4, only without the results from
the source 1ES 0229+200 and 1ES 1218+304, which have shown
evidence for γ-ray variability.

with greater significance if a more intense and absorb-
ing EBL model is used, while it would be ruled out with
lesser significance if a less intense EBL model is used.
We performed simulations for a less intense EBL model,
namely the model of Kneiske & Dole (2010). This model
was designed to be as close as possible to the observed
lower limits on the EBL from galaxy counts; however,
note that for some regions of parameter space, other EBL
models predict less absorption. The results can be seen
in Figure 5. The low B values are ruled out at 5.5σ, while
the high B values are still unconstrained. We also per-
formed simulations with the model of Franceschini et al.
(2008), which has a similar overall normalization as the
Finke et al. (2010) model, but its SED has a bit different
shape. With this model we found that low B values are
ruled out at 6.7σ, and high B values are again uncon-
strained.
There is some evidence in recent years that the source

1ES 0229+200 is variable at VHE energies (Aliu et al.
2014), as is 1ES 1218+304. We have therefore computed
our constraints leaving out these sources, and the results
can be seen in Figure 6. Similar regions of parameter
space are ruled out, but at much less significance; low
values of B are ruled out at 6.0σ.
We performed simulations with both larger (θj = 0.2

rad) and smaller (θj = 0.05 rad) values of the jet opening
angle. A Larger value of θj led to larger cascades, and

�0 � 1pc
�

B0

10�14G

�

1804.08035

MF coherent length

Baryon overproduction

Finke et al. (’15)

Banerjee+ (’04)

We suffer from baryon “over”production.  

in the case magnetic fields are maximally helical, 
including the case of chiral plasma instability.

(’16 KK&Long)Assuming the inverse cascade
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Implications for the magnetogenesis  
from chiral plasma instability

- Chiral plasma instability cannot explain the blazar observations 
solely due to baryon overproduction. 
- If we forget about the blazar observation, we can say that the 
GUT baryogenesis is revived as an indirect origin of BAU, avoiding 
the sphaleron washout, if it can produce initially               . µi

B/Ti � 10�3
<latexit sha1_base64="E/ZPu9WrXkzJFFmgV1/9X+fub3Q=">AAACJ3icbVA9SwNBFHznZ4xfUSuxWRRBEOOdFlqG2FhGSDSQi8fe5iVZsnt37u4J4Qj+FRsLG/0pdqKlv8LWTWKh0YGFYeY9dt6EieDauO67MzU9Mzs3n1vILy4tr6wW1tYvdZwqhjUWi1jVQ6pR8AhrhhuB9UQhlaHAq7B3NvSvblFpHkdV00+wKWkn4m3OqLFSUNj0ZRqUr/lhNeC+5hJviOdeZwfHg6Cw4xbdEchf4n2TndK2v38PAJWg8Om3YpZKjAwTVOuG5yammVFlOBM4yPupxoSyHu1gw9KIStTNbHTCgOxapUXasbIvMmSk/tzIqNS6L0M7Kanp6klvKP7rhfLXz5m20brYmohj2qfNjEdJajBi4zTtVBATk2FppMUVMiP6llCmuD2IsC5VlBlbbd425U328pdcHhU9t+hd2MrKMEYOtmAb9sCDEyjBOVSgBgzu4AGe4Nl5dF6cV+dtPDrlfO9swC84H1/MCKdM</latexit><latexit sha1_base64="uCdYpU1cNFNTtdbEcLyfCVMuVzE=">AAACJ3icbVDLSsNAFJ3UV62vqCtxM1gEQayJLnRZ6sZlBWsLJobJ9NYOnUnizEQIofgT/oILN/op7sQu/Qq3Th8LrR4YOJxzL3PuCRPOlHacgVWYmZ2bXygulpaWV1bX7PWNKxWnkkKDxjyWrZAo4CyChmaaQyuRQETIoRn2zoZ+8x6kYnF0qbMEfEFuI9ZhlGgjBfaWJ9KgdsMOLwPmKSbgDrvOTX5w3A/sslNxRsB/iTsh5eqOt/84qGb1wP7y2jFNBUSacqLUtesk2s+J1Ixy6Je8VEFCaI/cwrWhERGg/Hx0Qh/vGqWNO7E0L9J4pP7cyIlQKhOhmRREd9W0NxT/9ULx6+dcmWhdaE/F0Z1TP2dRkmqI6DhNJ+VYx3hYGm4zCVTzzBBCJTMHYdolklBtqi2ZptzpXv6Sq6OK61TcC1NZDY1RRNtoB+0hF52gKjpHddRAFD2gJ/SCXq1n6816tz7GowVrsrOJfsH6/AYN36jS</latexit><latexit sha1_base64="uCdYpU1cNFNTtdbEcLyfCVMuVzE=">AAACJ3icbVDLSsNAFJ3UV62vqCtxM1gEQayJLnRZ6sZlBWsLJobJ9NYOnUnizEQIofgT/oILN/op7sQu/Qq3Th8LrR4YOJxzL3PuCRPOlHacgVWYmZ2bXygulpaWV1bX7PWNKxWnkkKDxjyWrZAo4CyChmaaQyuRQETIoRn2zoZ+8x6kYnF0qbMEfEFuI9ZhlGgjBfaWJ9KgdsMOLwPmKSbgDrvOTX5w3A/sslNxRsB/iTsh5eqOt/84qGb1wP7y2jFNBUSacqLUtesk2s+J1Ixy6Je8VEFCaI/cwrWhERGg/Hx0Qh/vGqWNO7E0L9J4pP7cyIlQKhOhmRREd9W0NxT/9ULx6+dcmWhdaE/F0Z1TP2dRkmqI6DhNJ+VYx3hYGm4zCVTzzBBCJTMHYdolklBtqi2ZptzpXv6Sq6OK61TcC1NZDY1RRNtoB+0hF52gKjpHddRAFD2gJ/SCXq1n6816tz7GowVrsrOJfsH6/AYN36jS</latexit><latexit sha1_base64="p999NI/4veURyQjoLsIIj0lKShM=">AAACJ3icbVC7TsMwFHXKq5RXgQmxWFRILJQEBhirsjAWqS+pTSPHuW2t2kmwHaQqqvgaBhb4FDYEI1/BivsYaMuRLB2dc6987vFjzpS27S8rs7K6tr6R3cxtbe/s7uX3D+oqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH9yO/cYjSMWisKqHMbiC9ELWZZRoI3n5o7ZIvHKHXVQ91lZMwAN27E56fjXy8gW7aE+Al4kzIwU0Q8XL/7SDiCYCQk05Uarl2LF2UyI1oxxGuXaiICZ0QHrQMjQkApSbTk4Y4VOjBLgbSfNCjSfq342UCKWGwjeTgui+WvTG4r+eL+Z+TpWJ1odgIY7u3rgpC+NEQ0inaboJxzrC49JwwCRQzYeGECqZOQjTPpGEalNtzjTlLPayTOqXRccuOvd2oVSedZZFx+gEnSEHXaMSukMVVEMUPaFn9IrerBfr3fqwPqejGWu2c4jmYH3/AoC8pcM=</latexit>



Courtesy H.Oide

GUT baryogenesisT � 106GeV
<latexit sha1_base64="zH+Y2fnpBXWAzY7+mtPTbqyAyEM=">AAACKHicbVC7SgNBFL0b3/G1aqfNYBCswq6F2ohBCy0VzAOSGGYnN8mQmd1lZlYISyBfY2Gjf2FrJ7b+hK2TR2ESDwwczrmXOfcEseDaeN6Xk1lYXFpeWV3Lrm9sbm27O7slHSWKYZFFIlKVgGoUPMSi4UZgJVZIZSCwHHSvh375CZXmUfhgejHWJW2HvMUZNVZquPsPpNY21pfE9x7T0z5Ja0qSGyz1G27Oy3sjkHniT0ju8j17MQCAu4b7U2tGLJEYGiao1lXfi009pcpwJrCfrSUaY8q6tI1VS0MqUdfT0Q19cmSVJmlFyr7QkJH6dyOlUuueDOykpKajZ72h+K8XyKmfU22jdbA5E8e0zuspD+PEYMjGaVqJICYiw9ZIkytkRvQsoUxxexBhHaooM7bbrG3Kn+1lnpRO8r6X9++9XOEKxliFAziEY/DhDApwC3dQBAYDeIZXeHNenA/n0/kaj2acyc4eTMH5/gXMnqff</latexit><latexit sha1_base64="tYX2zmXxWekxN5qqrOa2zY/aMVE=">AAACKHicbVC7SgNBFJ31GddX1E6bwSBYhV0LtRGDFlpGyAuya5id3CRDZnaXmVkhLAH/RbCw0b+wtQtp/QlbJ4/CJB4YOJxzL3PuCWLOlHacobW0vLK6tp7ZsDe3tnd2s3v7FRUlkkKZRjyStYAo4CyEsmaaQy2WQETAoRp0b0d+9QmkYlFY0r0YfEHaIWsxSrSRGtnDEvba2vgCu85jet7HqScFvoNKv5HNOXlnDLxI3CnJXX/aV/HLwC42sj9eM6KJgFBTTpSqu06s/ZRIzSiHvu0lCmJCu6QNdUNDIkD56fiGPj4xShO3ImleqPFY/buREqFUTwRmUhDdUfPeSPzXC8TMz6ky0TrQnIujW5d+ysI40RDSSZpWwrGO8Kg13GQSqOY9QwiVzByEaYdIQrXp1jZNufO9LJLKWd518u6DkyvcoAky6Agdo1PkogtUQPeoiMqIomf0it7Rh/VmfVkDazgZXbKmOwdoBtb3L/PxqVM=</latexit><latexit sha1_base64="tYX2zmXxWekxN5qqrOa2zY/aMVE=">AAACKHicbVC7SgNBFJ31GddX1E6bwSBYhV0LtRGDFlpGyAuya5id3CRDZnaXmVkhLAH/RbCw0b+wtQtp/QlbJ4/CJB4YOJxzL3PuCWLOlHacobW0vLK6tp7ZsDe3tnd2s3v7FRUlkkKZRjyStYAo4CyEsmaaQy2WQETAoRp0b0d+9QmkYlFY0r0YfEHaIWsxSrSRGtnDEvba2vgCu85jet7HqScFvoNKv5HNOXlnDLxI3CnJXX/aV/HLwC42sj9eM6KJgFBTTpSqu06s/ZRIzSiHvu0lCmJCu6QNdUNDIkD56fiGPj4xShO3ImleqPFY/buREqFUTwRmUhDdUfPeSPzXC8TMz6ky0TrQnIujW5d+ysI40RDSSZpWwrGO8Kg13GQSqOY9QwiVzByEaYdIQrXp1jZNufO9LJLKWd518u6DkyvcoAky6Agdo1PkogtUQPeoiMqIomf0it7Rh/VmfVkDazgZXbKmOwdoBtb3L/PxqVM=</latexit><latexit sha1_base64="uJwwRMjXK15dBVk2rw8xfIC6hSU=">AAACKHicbVDLSgMxFM3UV62vUXe6CRbBVcm4UJdFF7qs0Be0Y8lkbtvQZGZIMkIZCn6NCzf6Ke6kW3/CreljYVsPBA7n3EvOPUEiuDaEjJ3c2vrG5lZ+u7Czu7d/4B4e1XWcKgY1FotYNQOqQfAIaoYbAc1EAZWBgEYwuJv4jWdQmsdR1QwT8CXtRbzLGTVW6rgnVdzuGetL7JGn7GqEs7aS+B7qo45bJCUyBV4l3pwU0RyVjvvTDmOWSogME1TrlkcS42dUGc4EjArtVENC2YD2oGVpRCVoP5veMMLnVglxN1b2RQZP1b8bGZVaD2VgJyU1fb3sTcR/vUAu/JxpG60P4VIc073xMx4lqYGIzdJ0U4FNjCet4ZArYEYMLaFMcXsQZn2qKDO224JtylvuZZXUL0seKXmPpFi+nXeWR6foDF0gD12jMnpAFVRDDL2gV/SOPpw359P5csaz0Zwz3zlGC3C+fwEaxaYS</latexit>

µi
B � µi

5 � 10�3Ti
<latexit sha1_base64="8ruPDJ88BqskVKssg24FbjC3zG4="></latexit><latexit sha1_base64="CXOEfjGtgZfDs8cDxukdaZUdWmc="></latexit><latexit sha1_base64="CXOEfjGtgZfDs8cDxukdaZUdWmc="></latexit><latexit sha1_base64="tHe68SbKfHB1AOXbigB8ol5SfL8=">AAACN3icbVC7SgNBFJ31GeMramkzGAQtDLuKaBliYxkhL8hjmZ29SYbM7K4zs0JY8g1+jYWNfoeVndha2TpJFjSJBwbOPfde5tzjRZwpbdtv1tLyyuraemYju7m1vbOb29uvqTCWFKo05KFseEQBZwFUNdMcGpEEIjwOdW9wM+7XH0AqFgYVPYygLUgvYF1GiTaSmzttidgtdRhuKSbgHo/Ly9/SsTvJ2cUIV1zm5vJ2wZ4ALxInJXmUouzmvlt+SGMBgaacKNV07Ei3EyI1oxxG2VasICJ0QHrQNDQgAlQ7mZw0wsdG8XE3lOYFGk/UvxsJEUoNhWcmBdF9Nd8bi//2PDHzc6KMtT74c3Z097qdsCCKNQR06qYbc6xDPA4R+0wC1XxoCKGSmYMw7RNJqDZRZ01Sznwui6R2XnDsgnNn54ulNLMMOkRH6AQ56AoV0S0qoyqi6BE9oRf0aj1b79aH9TkdXbLSnQM0A+vrB4N2q8g=</latexit>chiral plasma  

instability

Helical HyperMFs

T � 80TeV
<latexit sha1_base64="Wi7+c1/5zfbZahTnuLelE5fx9dU=">AAACI3icbVC7SgNBFL0bXzG+omJlMxgEq7BrYxoxaGMZIS9IQpid3CRDZnbXmVkhLAF/xcJGP8TCTmws/A5bJ4/CJB4YOJxzL/fM8SPBtXHdLye1srq2vpHezGxt7+zuZfcPqjqMFcMKC0Wo6j7VKHiAFcONwHqkkEpfYM0f3Iz92gMqzcOgbIYRtiTtBbzLGTVWamePyqSpucR7UnBJ0lSSlLE6amdzbt6dgCwTb0ZyV2+Zy0cAKLWzP81OyGKJgWGCat3w3Mi0EqoMZwJHmWasMaJsQHvYsDSgEnUrmcQfkVOrdEg3VPYFhkzUvxsJlVoPpW8nJTV9veiNxX89X85dTrSN1sfOQhzTLbQSHkSxwYBN03RjQUxIxoWRDlfIjBhaQpni9kOE9amizNhaM7Ypb7GXZVI9z3tu3rtzc8VrmCINx3ACZ+DBBRThFkpQAQYJPMELvDrPzrvz4XxOR1PObOcQ5uB8/wKyBKW+</latexit><latexit sha1_base64="c9z5KlSd7rD/3cT8U/Jesrkf09I=">AAACI3icbVC7SgNBFJ31GdfXqljZDAbBKuzamEYM2lhGyAuyIczO3iRDZnbXmVkhLPkYERv9EAs7EcTC77B18ihM4oGBwzn3cs+cIOFMadf9spaWV1bX1nMb9ubW9s6us7dfU3EqKVRpzGPZCIgCziKoaqY5NBIJRAQc6kH/euTX70EqFkcVPUigJUg3Yh1GiTZS2zmsYF8xAXe46OLMlwJXoDZsO3m34I6BF4k3JfnLV/siefy0y23nxw9jmgqINOVEqabnJrqVEakZ5TC0/VRBQmifdKFpaEQEqFY2jj/EJ0YJcSeW5kUaj9W/GxkRSg1EYCYF0T01743Ef71AzFzOlInWg3Auju4UWxmLklRDRCdpOinHOsajwnDIJFDNB4YQKpn5EKY9IgnVplbbNOXN97JIamcFzy14t26+dIUmyKEjdIxOkYfOUQndoDKqIooy9ICe0Yv1ZL1Z79bHZHTJmu4coBlY37/ZV6cy</latexit><latexit sha1_base64="c9z5KlSd7rD/3cT8U/Jesrkf09I=">AAACI3icbVC7SgNBFJ31GdfXqljZDAbBKuzamEYM2lhGyAuyIczO3iRDZnbXmVkhLPkYERv9EAs7EcTC77B18ihM4oGBwzn3cs+cIOFMadf9spaWV1bX1nMb9ubW9s6us7dfU3EqKVRpzGPZCIgCziKoaqY5NBIJRAQc6kH/euTX70EqFkcVPUigJUg3Yh1GiTZS2zmsYF8xAXe46OLMlwJXoDZsO3m34I6BF4k3JfnLV/siefy0y23nxw9jmgqINOVEqabnJrqVEakZ5TC0/VRBQmifdKFpaEQEqFY2jj/EJ0YJcSeW5kUaj9W/GxkRSg1EYCYF0T01743Ef71AzFzOlInWg3Auju4UWxmLklRDRCdpOinHOsajwnDIJFDNB4YQKpn5EKY9IgnVplbbNOXN97JIamcFzy14t26+dIUmyKEjdIxOkYfOUQndoDKqIooy9ICe0Yv1ZL1Z79bHZHTJmu4coBlY37/ZV6cy</latexit><latexit sha1_base64="Jbz1ch2pt8O6Tm+anEnTAYybDVk=">AAACI3icbVC7TsMwFHXKq5RXADGxWFRITFXCQscKFsYi9SU1UeU4N61VOwm2g1RF/RgGFvgUNsTCwHew4rYZaMuRLB2dc6/u8QlSzpR2nC+rtLG5tb1T3q3s7R8cHtnHJx2VZJJCmyY8kb2AKOAshrZmmkMvlUBEwKEbjO9mfvcJpGJJ3NKTFHxBhjGLGCXaSAP7rIU9xQQ84rqDc08K3ILOdGBXnZozB14nbkGqqEBzYP94YUIzAbGmnCjVd51U+zmRmlEO04qXKUgJHZMh9A2NiQDl5/P4U3xplBBHiTQv1niu/t3IiVBqIgIzKYgeqVVvJv7rBWLpcq5MtBGEK3F0VPdzFqeZhpgu0kQZxzrBs8JwyCRQzSeGECqZ+RCmIyIJ1abWimnKXe1lnXSua65Tcx+cauO26KyMztEFukIuukENdI+aqI0oytEzekVv1ov1bn1Yn4vRklXsnKIlWN+/ACuj8Q==</latexit>

Tiny asymmetries           µB , µ5
<latexit sha1_base64="cNnD+OqPOYwR0cr1KkGaGB8h2lQ=">AAACGHicbVC7TsMwFL3hWcqrwAiDRYXEgKoECcFYlYWxlehDaqLKcZzWqp1EtoNURf0NBhb4DEY2xMrGxl+w4rQdaMuRLB+dc698fPyEM6Vt+8taWV1b39gsbBW3d3b39ksHhy0Vp5LQJol5LDs+VpSziDY105x2Ekmx8Dlt+8Pb3G8/UKlYHN3rUUI9gfsRCxnB2kiuK9Je7QLl11WvVLYr9gRomTgzUq6evDa+AaDeK/24QUxSQSNNOFaq69iJ9jIsNSOcjotuqmiCyRD3adfQCAuqvGySeYzOjBKgMJbmRBpN1L8bGRZKjYRvJgXWA7Xo5eK/ni/mXs6UiTagwUIcHd54GYuSVNOITNOEKUc6RnlLKGCSEs1HhmAimfkQIgMsMdGmy6JpylnsZZm0LiuOXXEaprIaTFGAYziFc3DgGqpwB3VoAoEEHuEZXqwn6816tz6moyvWbOcI5mB9/gJ246Kv</latexit><latexit sha1_base64="a+SgmELYiWXurN574ePsT+UGVDA=">AAACGHicbVDNSgMxGMzWv1r/qh4VCRbBg5RdQfRY6sVjC/YHukvJZrNtaJJdkqxQlh59BQ9e9DF69CZevfkMPoBXs20PtnUgZJj5PjIZP2ZUadv+snIrq2vrG/nNwtb2zu5ecf+gqaJEYtLAEYtk20eKMCpIQ1PNSDuWBHGfkZY/uM381gORikbiXg9j4nHUEzSkGGkjuS5PutULmF1X3WLJLtsTwGXizEipcjyufz+ejGvd4o8bRDjhRGjMkFIdx461lyKpKWZkVHATRWKEB6hHOoYKxIny0knmETwzSgDDSJojNJyofzdSxJUact9McqT7atHLxH89n8+9nCoTrU+ChTg6vPFSKuJEE4GnacKEQR3BrCUYUEmwZkNDEJbUfAjiPpIIa9NlwTTlLPayTJqXZccuO3VTWRVMkQdH4BScAwdcgwq4AzXQABjE4Am8gFfr2Xqz3q2P6WjOmu0cgjlYn7+I5qQV</latexit><latexit sha1_base64="a+SgmELYiWXurN574ePsT+UGVDA=">AAACGHicbVDNSgMxGMzWv1r/qh4VCRbBg5RdQfRY6sVjC/YHukvJZrNtaJJdkqxQlh59BQ9e9DF69CZevfkMPoBXs20PtnUgZJj5PjIZP2ZUadv+snIrq2vrG/nNwtb2zu5ecf+gqaJEYtLAEYtk20eKMCpIQ1PNSDuWBHGfkZY/uM381gORikbiXg9j4nHUEzSkGGkjuS5PutULmF1X3WLJLtsTwGXizEipcjyufz+ejGvd4o8bRDjhRGjMkFIdx461lyKpKWZkVHATRWKEB6hHOoYKxIny0knmETwzSgDDSJojNJyofzdSxJUact9McqT7atHLxH89n8+9nCoTrU+ChTg6vPFSKuJEE4GnacKEQR3BrCUYUEmwZkNDEJbUfAjiPpIIa9NlwTTlLPayTJqXZccuO3VTWRVMkQdH4BScAwdcgwq4AzXQABjE4Am8gFfr2Xqz3q2P6WjOmu0cgjlYn7+I5qQV</latexit><latexit sha1_base64="kZBtFtZM0a7TnNIjMudd7nvwC9M=">AAACGHicbVDLSgMxFL3js9ZX1aWbYBFcSJkRRJelblxWsA/oDCWTSdvQJDMkGaEM/Q0XbvRT3Ilbd36JWzPtLGzrgZDDOfeSkxMmnGnjut/O2vrG5tZ2aae8u7d/cFg5Om7rOFWEtkjMY9UNsaacSdoyzHDaTRTFIuS0E47vcr/zRJVmsXw0k4QGAg8lGzCCjZV8X6T9xiXKr+t+perW3BnQKvEKUoUCzX7lx49ikgoqDeFY657nJibIsDKMcDot+6mmCSZjPKQ9SyUWVAfZLPMUnVslQoNY2SMNmql/NzIstJ6I0E4KbEZ62cvFf71QLLycaRttRKOlOGZwG2RMJqmhkszTDFKOTIzyllDEFCWGTyzBRDH7IURGWGFibJdl25S33MsqaV/VPLfmPbjVeqPorASncAYX4MEN1OEemtACAgk8wyu8OS/Ou/PhfM5H15xi5wQW4Hz9AhLwoGo=</latexit>

Washout by sphalerons 
/Yukawa interactions

T � 135GeV
<latexit sha1_base64="JLdKtBjSzmSaa4cJ9A7zD3habV4=">AAACI3icbVC7SgNBFL0bXzG+omJlMxgEq7CriDZi0ELLCEkMmBBmJzfJkJnddWZWCEvAX7Gw0Q+xsBMbC7/D1smjMIkHBg7n3Ms9c/xIcG1c98tJzc0vLC6llzMrq2vrG9nNrYoOY8WwzEIRqqpPNQoeYNlwI7AaKaTSF3jrdy8H/u0DKs3DoGR6EdYlbQe8xRk1Vmpkd0o1zSXeE+/omCQ1JckVVvqNbM7Nu0OQWeKNSe78LXP2CADFRvan1gxZLDEwTFCt7zw3MvWEKsOZwH6mFmuMKOvSNt5ZGlCJup4M4/fJvlWapBUq+wJDhurfjYRKrXvSt5OSmo6e9gbiv54vJy4n2kbrYHMqjmmd1hMeRLHBgI3StGJBTEgGhZEmV8iM6FlCmeL2Q4R1qKLM2FoztilvupdZUjnMe27eu3FzhQsYIQ27sAcH4MEJFOAailAGBgk8wQu8Os/Ou/PhfI5GU854Zxsm4Hz/ArsDpcI=</latexit><latexit sha1_base64="5/O3kcCdOumtBZWfJEq3NmNr67g=">AAACI3icbVDLSgMxFM3UVx1fo+LKTbAIrsqMIroRiy50WaEv6JSSSW/b0GRmTDJCGfoxIm70Q1y4E0Fc+B1uTVsXtvVA4HDOvdyTE8ScKe26n1Zmbn5hcSm7bK+srq1vOJtbFRUlkkKZRjyStYAo4CyEsmaaQy2WQETAoRr0Lod+9Q6kYlFY0v0YGoJ0QtZmlGgjNZ2dkq+YgFvsHR3j1JcCX0Fl0HRybt4dAc8S75fkzl/ss/jhwy42nW+/FdFEQKgpJ0rVPTfWjZRIzSiHge0nCmJCe6QDdUNDIkA10lH8Ad43Sgu3I2leqPFI/buREqFUXwRmUhDdVdPeUPzXC8TE5VSZaF1oTcXR7dNGysI40RDScZp2wrGO8LAw3GISqOZ9QwiVzHwI0y6RhGpTq22a8qZ7mSWVw7zn5r0bN1e4QGNk0S7aQwfIQyeogK5REZURRSm6R0/o2Xq0Xq036308mrF+d7bRBKyvH+JWpzY=</latexit><latexit sha1_base64="5/O3kcCdOumtBZWfJEq3NmNr67g=">AAACI3icbVDLSgMxFM3UVx1fo+LKTbAIrsqMIroRiy50WaEv6JSSSW/b0GRmTDJCGfoxIm70Q1y4E0Fc+B1uTVsXtvVA4HDOvdyTE8ScKe26n1Zmbn5hcSm7bK+srq1vOJtbFRUlkkKZRjyStYAo4CyEsmaaQy2WQETAoRr0Lod+9Q6kYlFY0v0YGoJ0QtZmlGgjNZ2dkq+YgFvsHR3j1JcCX0Fl0HRybt4dAc8S75fkzl/ss/jhwy42nW+/FdFEQKgpJ0rVPTfWjZRIzSiHge0nCmJCe6QDdUNDIkA10lH8Ad43Sgu3I2leqPFI/buREqFUXwRmUhDdVdPeUPzXC8TE5VSZaF1oTcXR7dNGysI40RDScZp2wrGO8LAw3GISqOZ9QwiVzHwI0y6RhGpTq22a8qZ7mSWVw7zn5r0bN1e4QGNk0S7aQwfIQyeogK5REZURRSm6R0/o2Xq0Xq036308mrF+d7bRBKyvH+JWpzY=</latexit><latexit sha1_base64="Oc+XulTCoiJmCpP+WUQYGe2xPiA=">AAACI3icbVDLSsNAFJ3UV62vqLhyM1gEVyVRRJdFF7qs0Bc0oUwmt+3QmSTOTIQS+jEu3OinuBM3LvwOt07bLGzrgYHDOfdyz5wg4Uxpx/myCiura+sbxc3S1vbO7p69f9BUcSopNGjMY9kOiALOImhopjm0EwlEBBxawfB24reeQCoWR3U9SsAXpB+xHqNEG6lrH9U9xQQ8YvfiEmeeFPgOmuOuXXYqzhR4mbg5KaMcta7944UxTQVEmnKiVMd1Eu1nRGpGOYxLXqogIXRI+tAxNCIClJ9N44/xqVFC3IuleZHGU/XvRkaEUiMRmElB9EAtehPxXy8Qc5czZaINIFyIo3vXfsaiJNUQ0VmaXsqxjvGkMBwyCVTzkSGESmY+hOmASEK1qbVkmnIXe1kmzfOK61TcB6dcvck7K6JjdILOkIuuUBXdoxpqIIoy9Ixe0Zv1Yr1bH9bnbLRg5TuHaA7W9y8JKqP1</latexit>

Helical MFs Observed BAU          µB
<latexit sha1_base64="s9ekmIKYSXROxHswL0YD6S0p0NU=">AAACEXicbVC7TsMwFL0pr1JeBUYYLCokpiphgbEqC2MrkbYSjSrHcVqrthPZDlIV9RsYWOBPYEOsfAEbf8GK+xhoy5EsHZ1zr+7xCVPOtHHdL6ewtr6xuVXcLu3s7u0flA+PWjrJFKE+SXiiOiHWlDNJfcMMp51UUSxCTtvh8Gbitx+o0iyRd2aU0kDgvmQxI9hYye+KrFfvlStu1Z0CrRJvTiq109fmNwA0euWfbpSQTFBpCMda33tuaoIcK8MIp+NSN9M0xWSI+/TeUokF1UE+DTtG51aJUJwo+6RBU/XvRo6F1iMR2kmBzUAvexPxXy8UC5dzbaMNaLQUx8TXQc5kmhkqySxNnHFkEjSpB0VMUWL4yBJMFLMfQmSAFSbGlliyTXnLvayS1mXVc6te01ZWhxmKcAJncAEeXEENbqEBPhBg8AjP8OI8OW/Ou/MxGy04851jWIDz+QvcaKBL</latexit><latexit sha1_base64="0L0S0x0N68VT6xDt0JV5Vb1aDl8=">AAACEXicbVC7SgNBFJ2NrxhfUUtFFoNgFXZttAyxsUzATQLJEmZn7yZDZmaXmVkhLCmtLWz0T2Intn6B3+AH2Dp5FCbxwMDhnHu5Z06QMKq043xZubX1jc2t/HZhZ3dv/6B4eNRQcSoJeCRmsWwFWAGjAjxNNYNWIgHzgEEzGNxO/OYDSEVjca+HCfgc9wSNKMHaSF6Hp91qt1hyys4U9ipx56RUOR3Xvx/PxrVu8acTxiTlIDRhWKm26yTaz7DUlDAYFTqpggSTAe5B21CBOSg/m4Yd2RdGCe0oluYJbU/VvxsZ5koNeWAmOdZ9texNxH+9gC9czpSJ1odwKY6ObvyMiiTVIMgsTZQyW8f2pB47pBKIZkNDMJHUfMgmfSwx0abEgmnKXe5llTSuyq5TduumsiqaIY9O0Dm6RC66RhV0h2rIQwRR9IRe0Kv1bL1Z79bHbDRnzXeO0QKsz1/ua6Gx</latexit><latexit sha1_base64="0L0S0x0N68VT6xDt0JV5Vb1aDl8=">AAACEXicbVC7SgNBFJ2NrxhfUUtFFoNgFXZttAyxsUzATQLJEmZn7yZDZmaXmVkhLCmtLWz0T2Intn6B3+AH2Dp5FCbxwMDhnHu5Z06QMKq043xZubX1jc2t/HZhZ3dv/6B4eNRQcSoJeCRmsWwFWAGjAjxNNYNWIgHzgEEzGNxO/OYDSEVjca+HCfgc9wSNKMHaSF6Hp91qt1hyys4U9ipx56RUOR3Xvx/PxrVu8acTxiTlIDRhWKm26yTaz7DUlDAYFTqpggSTAe5B21CBOSg/m4Yd2RdGCe0oluYJbU/VvxsZ5koNeWAmOdZ9texNxH+9gC9czpSJ1odwKY6ObvyMiiTVIMgsTZQyW8f2pB47pBKIZkNDMJHUfMgmfSwx0abEgmnKXe5llTSuyq5TduumsiqaIY9O0Dm6RC66RhV0h2rIQwRR9IRe0Kv1bL1Z79bHbDRnzXeO0QKsz1/ua6Gx</latexit><latexit sha1_base64="MaU8zhQ9g84kRvUlJ9+3whej+mQ=">AAACEXicbVC7TgJBFL2LL8QXammzkZhYkV0bLQk2lpgImMCGzM7ehQkzs5uZWROy4RssbPRT7IytX+CX2DrAFgKeZJKTc+7NPXPClDNtPO/bKW1sbm3vlHcre/sHh0fV45OOTjJFsU0TnqjHkGjkTGLbMMPxMVVIRMixG45vZ373CZVmiXwwkxQDQYaSxYwSY6V2X2SD5qBa8+reHO468QtSgwKtQfWnHyU0EygN5UTrnu+lJsiJMoxynFb6mcaU0DEZYs9SSQTqIJ+HnboXVoncOFH2SePO1b8bORFaT0RoJwUxI73qzcR/vVAsXc61jTbCaCWOiW+CnMk0MyjpIk2ccdck7qweN2IKqeETSwhVzH7IpSOiCDW2xIptyl/tZZ10ruq+V/fvvVqjWXRWhjM4h0vw4RoacActaAMFBs/wCm/Oi/PufDifi9GSU+ycwhKcr194dZ4G</latexit>

Electroweak symmetry breaking

Transfer from chirality  
to helicity

small backreaction
Sphaleron does not  
washout helicity

Revival of the GUT baryogenesis
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Summary
1. Magnetic helicity is important information to explore the origin 

of intergalactic MFs.  
2. If intergalactic MFs are not maximally helical…  

• If they carry tiny helicity, blazar observations and baryon asymmetry 
can be explained simultaneously.  

3. If intergalactic MFs are maximally helical, they should have 
been generated after EWSB. No relation to BAU.  

4. One can imagine two magnetogenesis scenario. One occurred 
before EWSB and is responsible for BAU, perhaps chiral 
plasma instability (GUT baryogenesis?). The other occurred 
after EWSB and is responsible for blazars. 

5. Note that it is still possible that blazar observations are 
explained by other mechanism than the intergalactic MFs.


