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The message of this talk
1. Recently there are several claims that suggest  

the existence of tiny intergalactic magnetic fields.  

2. You might think it is too tiny to think seriously, 
but I will convince you that it is extremely large for the  
baryon asymmetry of the Universe (BAU).  

3. Pseudoscalar dynamics (including axion inflation) as well 
as the chiral plasma instability can be the origin of such 
magnetic fields responsible for BAU. 
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1. Introduction: intergalactic magnetic fields 
2. Baryogenesis from decaying hypermagnetic 

helicity 
3. Magnetogenesis models 

 ~ pseudoscalar dynamics  
                  / chiral plasma instability ~ 

4. Summary
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Fig. 1: A comparison of models of cascade emission from TeV blazars (thick solid black curves)
with Fermi upper limits (grey curves) and HESS data (grey data points). Thin dashed curves
show the primary (unabsorbed) source spectra. Dotted curves show the spectra of electromag-
netic cascade initiated by pair production on EBL. Vertical lines with arrows show the energies
below which the cascade emission should be suppressed.
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Figure 16. Left : Fit of the intrinsic spectrum and cascade component to the IACT and Fermi-LAT data of 1ES 1101-232
(z = 0.186) for di↵erent IGMF strengths. A source activity time of tmax = 107 years and a jet opening angle of ✓jet = 6� are
assumed together with a coherence length of 1Mpc. The best-fit intrinsic spectra multiplied with EBL absorption are shown as
dashed lines with colors matching those of the cascade component (solid lines). The intrinsic spectra are shown as dash-dotted
lines. Upper limits on the halo energy flux for widths equal to that of the cascade for B = 10�19 G are shown as gray diamonds.
Right : Containment radii for the cascade (Rcasc) for di↵erent B-field strengths and the PSF (PSF3 event class) as a function
of energy for the same source and parameters as the right panel. We show the containment radii for two additional B-field
strengths (10�18 G,10�17 G) compared to the left panel to better illustrate the IGMF dependence on this quantity. The spectra
for these values of B would be very similar to the ones shown for 10�19 G or 10�16 G.

tmax = 107 years. This maximum value of tmax yields the largest cascade contribution and the di↵erences in the fit for
the di↵erent IGMF values are most pronounced. As the magnetic field decreases, the contribution from the cascade
becomes larger at lower energies. To compensate for this, the fit of the intrinsic spectrum (dotted lines) prefers lower
values of the cut-o↵ energy, Ecut. For high B-field values, the fit is insensitive to the cut-o↵ at the highest energies. In
the right panel of Figure 16, we show the containment radii Rcasc and the 68% containment radius for the Fermi -LAT
PSF for the event class PSF3. Only for the largest tested IGMF strengths does the halo size increase beyond the PSF.
For B . 10�16 G, the halo appears point-like over the entire Fermi -LAT energy range. For this reason, the constraints
are driven primarily by spectral features of the cascade. We show the same figure for the other considered blazars
in Appendix A for the minimum and maximum considered activity times along with the best-fit parameters of the
sources yielding constraints on the IGMF.
For each tested IGMF realization and selected source (fixing z and S), we maximize the likelihood of Eq. (16) by

profiling over the intrinsic spectral parameters p and calculate the likelihood ratio test statistic

TS(B,�) = �2 ln

 
L(B,�, p̂(B,�))

L( ˆ̂B,
ˆ̂
�)

!
. (17)

In the numerator, p̂ denotes the best-fit nuisance parameters for fixed values of (B,�), and the denominator gives the

unconditionally maximized likelihood with maximum likelihood estimators ˆ̂
B and ˆ̂

�.

For all tested sources, we find that the best-fit parameters ˆ̂
B and ˆ̂

� coincide with IGMF parameters that lead to
a strong deflection of the e

+
e
� pairs and consequently a suppression of the cascade flux. We therefore derive 95%

confidence lower limits on the IGMF by excluding parameters for which TS(B,�) � 5.99, corresponding to a �
2

distribution with 2 degrees of freedom (B-field strength and coherence length). The limits for the individual sources
are shown in the left panel of Fig. 17 for ✓jet = 6� and a conservative choice of tmax = 10 years.
Clearly, a number of spectra yield strong constraints and the lower limit of the IGMF lies between 10�17 G and

10�16 G. These constraints are driven by the Lcasc term in Eq. (16) as it gives the largest contribution to the TS(B,�)
values. The strongest constraints come from the observations of 1ES 0229+200, as well as the H.E.S.S. observations of
1ES 0347-121, H 2356-309, and 1ES 1101-232. The non-monotonic behavior of the limits of H 2356-309 can be explained
with the fit stability, in particular the best-fit value for Ecut. Less than 5% of the tested parameter space is excluded
for the combined VERITAS and H.E.S.S. spectrum of 1ES 0414+009, as well as for 1ES 1312-423 and RGB0710+591,
and we do not show these results here.

Evidence (?) of intergalactic magnetic fields 
: γ-ray from Blazars (observation) 
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Most convincing explanation: Extragalactic MFs  
Evidence (?) of large scale magnetic fields 
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Latest constraints from Fermi 1804.08035 (Fermi-LAT collaboration)
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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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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
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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
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✏ = 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
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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.
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assumed to be of the order of ±15%, however, a cross-calibration between the Fermi LAT and IACTs using the
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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
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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
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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

(’04 Banerjee+)

�0 � 1pc
�

B0
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�

Finke et al. (’15)
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It is not so strange to imagine that (relatively) long-range 
(hyper)magnetic fields existed in the early Universe. 
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Can there be any interesting phenomena  
in the early Universe  
caused by the primordial magnetic fields?

=> Baryogenesis

=> (Pseudo)scalar dynamics  
     Chiral Plasma Instability

How to generate magnetic fields in the early Universe?
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Baryogenesis from helical hypermagnetic fields
T. Fujita (Kyoto) & KK, PRD93 (2016) 083520 [arXiv:1602.02109 (hep-ph)], 
KK & A.J.Long (Chicago), PRD94 (2016) 063501 [arXiv:1606.08891 (astro-ph.CO)],  
                                      PRD94 (2016) 123509 [arXiv:1610.03074 (hep-ph)]
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12 G. Steigman: Primordial Nucleosynthesis

Figure 6. The CBR temperature fluctuation anisotropy spectra for three choices of the baryon
density parameter ωB = 0.018, 0.023, 0.028, in order of increasing height of the first peak. Also
shown are the WMAP data points.

Figure 7. The normalized likelihood distributions for the baryon density parameter η10 derived
from SBBN and the primordial abundance of deuterium (solid curve; see §4.1) and from the CBR
using WMAP data alone (dashed curve). The bottom horizontal axis is the baryon-to-photon
ratio parameter η10; the top axis is the baryon density parameter ωB = ΩBh2 .

- We live in a matter-antimatter asymmetric Universe. 
- BBN and CMB can evaluate it quantitatively. 

’03 Steigman

23. Big-Bang nucleosynthesis 3

Figure 23.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [5].
Boxes indicate the observed light element abundances. The narrow vertical band
indicates the CMB measure of the cosmic baryon density, while the wider band
indicates the BBN concordance range (both at 95% CL).

February 8, 2016 19:55

CMB
BBN

Particle Data Group 2015

� � nB

n�
= (6.09± 0.06)� 10�10

(Planck 2015)
� = (6.180± 0.195)� 10�10

BBN+D ; ’15 Cyburt+

�bh
2 = 0.018, 0.023, 0.028

Baryon Asymmetry of the Universe
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Inflation dilutes the preexisting asymmetry. 

After inflation before BBN, asymmetry must be generated. 
matter :        
anti matter : 
photon :  

 ~10000000000+1 
 ~10000000000 
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matter :        
anti matter : 
photon :  

 ~1 
 ~0 
 ~10000000000

annihilation
T � 100MeV{ {

WMAP team



Courtesy H.Oide

In order to generate baryon asymmetry... 
Sakharov’s condition is required. 

1. B-violation 
2. C & CP-violation 
3. Deviation from thermal equilibrium

(’67 Sakharov)



Courtesy H.Oide

In order to generate baryon asymmetry... 
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1. B-violation 
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(’67 Sakharov)

BSM is required!? 
- Leptogenesis                            : RH neutrinos 
- Affleck-Dine                              : SUSY with B and CP op.  

- EW baryogenesis                      : 1st order EWPT + CP op. 

(’85 Fukugita&Yanagida)
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(’85 Kuzmin, Rubakov&Shaposhnikov)
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In order to generate baryon asymmetry... 
Sakharov’s condition is required. 

1. B-violation 
2. C & CP-violation 
3. Deviation from thermal equilibrium

(’67 Sakharov)

BSM is required!? 
- Leptogenesis                            : RH neutrinos 
- Affleck-Dine                              : SUSY with B and CP op.  

- EW baryogenesis                      : 1st order EWPT + CP op. 

(’85 Fukugita&Yanagida)

(’85 Affleck&Dine, ’95 Dine,Randall&Thomas)

(’85 Kuzmin, Rubakov&Shaposhnikov)

If magnetic fields existed in the early Universe,  
a new story can be imagined !!  

Giovannini&Shaposhnikov (’98), KK& Fujita, KK&Long (’16)
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Key elements

H =
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solar.physics.montana.edu

(The gauge field is the one of U(1)Y in 
the SM. )

http://solar.physics.montana.edu
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Chiral anomaly in the SM
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SU(2) part:“EW sphaleron”
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Chiral anomaly in the SM (’76 ‘t Hooft)

SU(2) part:“EW sphaleron”
U(1) part: often neglected

Change of BG hypermagnetic 
helicity can be the source of BAU
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Key elements

H =
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Hypermagnetic helicity

= V
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solar.physics.montana.edu

Chiral anomaly in the SM (’76 ‘t Hooft)

SU(2) part:“EW sphaleron”
U(1) part: often neglected

Change of BG hypermagnetic 
helicity can be the source of BAU

�QB = �QL = Ng

�
�NCS �

g�2

16�2
�HY

�

If there were BG large-scale helical hyperMFs,

B-violation: SM chiral anomaly 
C&CP-violation/non-equilibrium  
          :existence of large-scale magnetic helicity

Sakharov’s conditions are satisfied!

http://solar.physics.montana.edu
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Once there are large-scale helical hyperMFs before EWSB,
decay of hypermagnetic helicity occurs automatically. 
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1. Decay due to MHD with finite conductivity (’98 Giovannini&Shaposhnikov)
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Once there are large-scale helical hyperMFs before EWSB,

1
V

�tH = �2�EY ·BY �

� � 100T (’97 Baym+, ’00 Arnold+)

= � 2
�
�BY · ��BY � � � 2

�

B2
p

�B

1. Decay due to MHD with finite conductivity 

2. Electroweak symmetry breaking 

(’98 Giovannini&Shaposhnikov)

(’98 Giovannini&Shaposhnikov,’16 KK&Long)

decay of hypermagnetic helicity occurs automatically. 
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Electroweak symmetry breaking 

✓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
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(2.4c)

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

7
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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
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µ⌫ + 2
d✓W

dt
cos 2✓W(t)�0µA⌫Ã
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Back reactions/washout effects? 

EW sphalerons+chirality flip by electron Yukawa 

Chiral Magnetic Effect

Maximal Temperature of the Early Universe 9
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Fig. 5. One of the 12-fermion processes which are in thermal equilibrium in the
high-temperature phase of the standard model.

transition.
The second crucial nonperturbative aspect of baryogenesis is the connec-

tion between baryon number and lepton number in the high-temperature,
symmetric phase of the Standard Model. Due to the chiral nature of the
weak interactions B and L are not conserved [23]. At zero temperature
this has no observable e↵ect due to the smallness of the weak coupling.
However, as the temperature reaches the critical temperature Tc of the elec-
troweak phase transition, B and L violating processes come into thermal
equilibrium [24]. The rate of these processes is related to the free energy
of sphaleron-type field configurations which carry topological charge. In
the standard model they lead to an e↵ective interaction of all left-handed
fermions [23] (cf. Fig. 5),

OB+L =
Y

i

(qLiqLiqLilLi) , (3.3)

which violates baryon and lepton number by three units,

�B = �L = 3 . (3.4)

The sphaleron transition rate in the symmetric high-temperature phase
has been evaluated by combining an analytical resummation with numerical
lattice techniques [25]. The result is, in accord with previous estimates, that
B and L violating processes are in thermal equilibrium for temperatures in
the range

TEW ⇠ 100 GeV < T < TSPH ⇠ 1012 GeV . (3.5)

Thermal fluctuations of W-boson induces  �NCS
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Fig. 5. One of the 12-fermion processes which are in thermal equilibrium in the
high-temperature phase of the standard model.

transition.
The second crucial nonperturbative aspect of baryogenesis is the connec-

tion between baryon number and lepton number in the high-temperature,
symmetric phase of the Standard Model. Due to the chiral nature of the
weak interactions B and L are not conserved [23]. At zero temperature
this has no observable e↵ect due to the smallness of the weak coupling.
However, as the temperature reaches the critical temperature Tc of the elec-
troweak phase transition, B and L violating processes come into thermal
equilibrium [24]. The rate of these processes is related to the free energy
of sphaleron-type field configurations which carry topological charge. In
the standard model they lead to an e↵ective interaction of all left-handed
fermions [23] (cf. Fig. 5),

OB+L =
Y

i

(qLiqLiqLilLi) , (3.3)

which violates baryon and lepton number by three units,

�B = �L = 3 . (3.4)

The sphaleron transition rate in the symmetric high-temperature phase
has been evaluated by combining an analytical resummation with numerical
lattice techniques [25]. The result is, in accord with previous estimates, that
B and L violating processes are in thermal equilibrium for temperatures in
the range

TEW ⇠ 100 GeV < T < TSPH ⇠ 1012 GeV . (3.5)

Thermal fluctuations of W-boson induces  �NCS
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Ohm’s current Chiral magnetic current

��BY = J = �(EY + v �BY ) +
2�Y

�
µ5BY

EY = �v �BY +
1
�

�
��BY �

2�Y

�
µ5BY

�

Ampere’s law

=>

(’80 Vilenkin, ’08 Fukushima, Kharzeev, &Warringa) 
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Fig. 5. One of the 12-fermion processes which are in thermal equilibrium in the
high-temperature phase of the standard model.

transition.
The second crucial nonperturbative aspect of baryogenesis is the connec-

tion between baryon number and lepton number in the high-temperature,
symmetric phase of the Standard Model. Due to the chiral nature of the
weak interactions B and L are not conserved [23]. At zero temperature
this has no observable e↵ect due to the smallness of the weak coupling.
However, as the temperature reaches the critical temperature Tc of the elec-
troweak phase transition, B and L violating processes come into thermal
equilibrium [24]. The rate of these processes is related to the free energy
of sphaleron-type field configurations which carry topological charge. In
the standard model they lead to an e↵ective interaction of all left-handed
fermions [23] (cf. Fig. 5),

OB+L =
Y

i

(qLiqLiqLilLi) , (3.3)

which violates baryon and lepton number by three units,

�B = �L = 3 . (3.4)

The sphaleron transition rate in the symmetric high-temperature phase
has been evaluated by combining an analytical resummation with numerical
lattice techniques [25]. The result is, in accord with previous estimates, that
B and L violating processes are in thermal equilibrium for temperatures in
the range

TEW ⇠ 100 GeV < T < TSPH ⇠ 1012 GeV . (3.5)

W. Buchmüller, 1212.3554 
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Schematically evolution equation is given by

MHD decay EWSB EW sphaleron chirality-flip CME
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Reaches at “terminal” asymmetry…
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The Standard Model transport equations used in our analysis are summarized below:
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arise from the weak gauge interactions. We estimate the corresponding transport coe�cients, �i
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We estimate these transport coe�cients in Eq. (2.29).

The remaining source terms are associated with the Standard Model chiral anomalies. Ther-

mal fluctuations of the non-Abelian gauge fields lead to the terms
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which are known as the strong and electroweak sphalerons. We extract the transport coe�cients

from the results of lattice simulations in Eqs. (2.43a) and (2.43b). In the presence of a background

9

Hypercharge & Weak Isospin Source Terms

The three remaining source terms correspond to background contributions from the hypercharge

and weak isospin gauge fields. Transcribing from Eq. (2.34), they are written as

S
bkg
y =

1

sT

↵y

4⇡

1

2
✏µ⌫⇢�hYµ⌫ihY⇢�i (2.44a)

S
bkg
w =

1

sT

1

2

↵w

4⇡

1

2
✏µ⌫⇢�hW a

µ⌫ihW
a
⇢�i (2.44b)

S
bkg
yw =

1

sT

gg0/4⇡

4⇡
✏µ⌫⇢�hYµ⌫ihW 3

⇢�i . (2.44c)

It is appropriate to discuss these contributions together, because they become entangled after elec-

troweak symmetry breaking. In this section, we first calculate these source terms in the symmetric

phase, and then consider the broken phase.

In the symmetric phase, the non-Abelian iso-magnetic field W 3 is screened (cf. Eq. (2.37)),

and the corresponding source terms vanish

S
bkg
w = 0 and S

bkg
yw = 0 (symmetric phase) . (2.45)

On the other hand, the Abelian U(1)Y magnetic field is not screened. The hypercharge source term

is written in terms of the hyperelectric and hypermagnetic fields using

1

2
✏µ⌫⇢�hYµ⌫ihY⇢�i = �4EY ·BY . (2.46)

Now we proceed to evaluate this quantity using the equations of chiral magnetohydrodynamics.

When a medium with a chiral asymmetry is exposed to a magnetic field there is an induced electric

current; this phenomenon is known as the chiral magnetic e↵ect (CME) [50] (see also the review

[51]). In the context of hypercharge, the induced hyper-electric current is9

jCME,Y =
2

⇡
↵yµ5,Y BY , (2.47)

where BY is the hypermagnetic field and the chiral asymmetry was given by Eq. (2.15). Then

the total hyperelectric current is written as a sum of of dissipative term (Ohm’s law) and the

non-dissipative term (CME),

jY = �Y
�
EY + v ⇥BY

�
+ jCME,Y (2.48)

where v is the local fluid velocity and �Y is the hyperelectric conductivity. At high temperature

(T � 100 GeV) in the symmetric phase, the conductivity is given by [52]

�Y ⇡ 64⇣(3)2⇡�3


⇡2

8
+

22

3

��1✓
T

g02 ln g0�1

◆
' 55T . (2.49)

9
Since the U(1)Y gauge interactions are not vector-like, the chiral asymmetry µ5,Y does not transform as a

pseudoscalar under parity, and the hypercharge current jCME,Y does not transform as a vector. This contrasts with

the case of electromagnetism.
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Figure 3: Evolution of the baryon asymmetry ⌘B during the EW crossover. The temporal coor-

dinate is x = T/H = M0/T . The four panels correspond to di↵erent values of the relic magnetic

field strength B0 and coherence length �0 today. In each panel, the five pairs of colored curves

correspond to the five parameterizations of ✓W(t) that appear in Fig. 2. The solid curves are the

result of numerically solving the Boltzmann equations, and the dashed curves evaluate the formula

in Eq. (3.6). The (gray) dotted curve corresponds to the calculation in Ref. [58].

between its asymptotic values at Tstep = 162 GeV. The sudden change in ✓W implies an abrupt

decrease in the helicity of the hypermagnetic field, and a correspondingly large source of baryon

number via the SAB term in Eq. (3.1). As predicted in Ref. [58] the baryon number grows suddenly,

but soon the hypermagnetic field is fully converted into an electromagnetic field, and the EW

sphaleron, which remains in thermal equilibrium until T ⇡ Tsph,fo ' 130 GeV, is able to wash

out the injection of baryon number. At temperatures T & 135 GeV, the analytic formula from

Eq. (3.6) (dashed curve) matches the numerical result (solid curve) very well. After EW sphaleron

freeze-out, T . 130 GeV the baryon number is fixed.

The (gray) dotted curve in Fig. 3 corresponds to the calculation of Ref. [58], which as-

sumed that the weak mixing angle changes abruptly and discontinuously at T = 162 GeV while
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Figure 2: Evolution of the baryon asymmetry in the presence of decaying helical magnetic field.

We take B0 = 10�16 G for the field strength today, �0 = 10�2 pc for the coherence length today,

and fh$ee = fflip = 1 for the spin-flip fudge factor. The magnetic field is injected at a temperature

Tini, which ranges from 108 to 103 GeV by factors of 10. The dashed lines shown the analytic

approximations in Eqs. (3.6) and (3.10).

in some previous studies [24, 25].) In the symmetric phase, the equilibrium solution scales as

⌘B ⇠ x�4/3 for weak fields and x�2/3 for strong fields, as we showed in Eq. (3.7).

In Fig. 4 we show the relic baryon asymmetry ⌘B as a function of the magnetic field strength

today B0 while fixing the coherence length �0 with the relation in Eq. (2.67). If the field is too

weak, the corresponding source term from decaying hypermagnetic helicity is ine�cient, and the

resulting relic baryon asymmetry is suppressed. If the field is too strong, the baryon asymmetry

is suppressed instead by the chiral magnetic e↵ect. For our best estimates of the electron spin-flip

transport coe�cients, fh$ee = fflip = 1, the largest relic baryon asymmetry ⌘B ' 5 ⇥ 10�12 is

obtained for B0 ' 5⇥ 10�15 G. This is insu�cient to account for the observed baryon asymmetry

of the universe, ⌘obsB ' 1⇥10�10. Varying the transport coe�cients over a reasonable interval leads

to an O(1) change in the relic asymmetry; this indicates the robustness of our result.

The above results strongly support the validity of our analytic estimate Eq. (3.12). Figure

5 shows the magnetic field parameter space and predicted baryon asymmetry from the analytic

formula Eq. (3.12). The constraints are summarized as follows [1]. On large length scales, a

strong field B0 & 10�9 G would induce energy density inhomogeneities at a comparable level to the

primordial density perturbations. Models falling into the region of parameter space labeled “conflict

with CMB” are excluded by non-observation of these e↵ects in the cosmic microwave background.

Measurements of TeV blazar spectra display a deficit of GeV photons, which can be explained by a

su�ciently strong intergalactic magnetic field that deflects the electromagnetic cascade o↵ the line

of sight. A weak magnetic field in the region of parameter space labeled “cannot explain blazars”

cannot accommodate the blazar observations. Finally, we have already discussed that a causally-
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What determines final BAU?
Early EWSB (crossover) completion, late sphaleron freeze out

Early sphaleron freeze out, late EWSB (crossover) completion

=> Net BAU is suppressed
(’98 Giovannini&Shaposhnikov)

=> Net BAU is efficiently remained



Courtesy H.Oide

What determines final BAU?
Freezeout of EW sphalerons  vs       Completion of EWSB

BAU remains! Quantitative results are sensitive to 

✓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
y =

⇣ 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

8

becomes sensitive to the near-critical behaviour and the
mass becomes small but still remains non-zero. Even at
its largest, the Higgs correlation length is smaller than
10/T , which is substantially smaller than the largest lat-
tice sizes ∼ 70-80/T .
In the symmetric phase, the non-abelian gauge fields

are confining, and the operators couple to bound states
of two scalars. The correlation functions become noisy
and the screening masses increase rapidly.
The U(1) gauge field correlation function can be used

to measure the γ-Z mixing, i.e. the effective Weinberg
angle. We define the operator

Op(z) =
∑

x1,x2

α12(x1, x2, z)e
ip·x, (22)

where the sum is taken over the plane (x1, x2), αij is
the (non-compact) hypercharge U(1) plaquette (9) and p

is a transverse momentum vector compatible with peri-
odic boundary conditions: (p1, p2, p3) = 2π/N(n1, n2, 0)
with integer n1 and n2. In our measurements we use
the smallest non-vanishing momentum, with |p| = 2π/N .
At p = 0 the operator Op vanishes, due to the periodic
boundary conditions. The correlation function

G(z) =
1

N3

∑

t

⟨Op(t)O
∗
p
(z + t)⟩ (23)

has the long distance behaviour [30]

G(z) →
Aγz

2βG

ap2
√

p2 +m2
γ

e−z
√

p2+m2
γ (24)

where mγ is the photon screening mass and Aγ gives
the projection of the operator to the hypercharge U(1)
field, in effect yielding the temperature-dependent effec-
tive mixing angle. At tree level, Aγ = 1 in the symmetric
phase and Aγ = cos2 θW in the broken phase.
The photon screening mass mγ vanishes within our

measurement accuracy at all temperatures. The projec-
tion Aγ is shown in figure 9 for βG = 9, 603 lattice. The
measurement is noisy, but we can observe that Aγ ≈ 1 in
the symmetric phase down to the cross-over temperature,
and it starts to decrase as the Higgs field expectation
value grows at lower temperatures, slowly approaching
the tree-level value.
Beyond tree-level perturbative estimates for the be-

haviour of Aγ can be obtained by calculating at 1-loop
order the residue of the 1/k2 pole in the ⟨BiBj⟩ corre-
lator. In the symmetric and broken phases one obtains
[30]

Asymm.
γ = 1−

z

48π
√
y

(25)

Abroken
γ = cos2 θW

(

1 +
11

12

g23 sin
2 θW

πmW

)

(26)

where mW is the perturbative W mass. These expres-
sions clearly anticipate the behaviour we observe on the
lattice, although they diverge as y → 0±.

140 145 150 155 160 165 170
T/GeV

0.7

0.8

0.9

1

1.1

A γ

cos2θW

FIG. 9: The effective γ−Z mixing as a function of the temper-
ature. The dashed lines show the 1-loop perturbative results.

VII. CONCLUSIONS

We have accurately determined the Higgs field expec-
tation value and its susceptibility across the Standard
Model cross-over using lattice simulations of an effective
3-dimensional theory. Defining the cross-over temper-
ature by the maximum of the susceptibility, we obtain
Tc = 159.6 ± 0.1 ± 1.5GeV, where the first error is due
to the statistical accuracy of the lattice computation and
the second one is the estimated uncertainty of the effec-
tive theory approach [16, 26]. Following the approach of
Laine and Meyer [26], these results were used to obtain
the behaviour of basic thermodynamic quantities, includ-
ing energy density, pressure, heat capacity and the speed
of sound, across the cross-over. There is a well-defined
cross-over region where thermodynamic quantities devi-
ate from the low- or high-temperature behaviour. This
region is quite narrow, between 157 and 162GeV. The re-
sults are consistent with the standard picture of the elec-
troweak cross-over: Higgs and W modes become softer
but not critical, and the U(1) field remains massless at
all temperatures.
Overall our results are compatible with the analysis in

ref. [26] using lattice data from ref. [20]. Howeever, our
results are significantly improved numerically: we have
much larger volumes with higher statistical accuracy, the
data is extrapolated to the continuum and we include
the U(1) field in the effective theory. Thus, our results
form an important consistency and reliability check of
the earlier results.
For phenomenological applications the thermodynamic

quantities here can be combined with existing low- [37]
and high-temperature [27] perturbative results. This has

Lattice results

Analytic (1-loop)

(’16 D’Onofrio)
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

sphaleron barrier (∼ sphaleron energy), and special real-
time runs are performed to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, these overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g23a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic inefficiencies in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite-volume effects to be negligible [12].
The expectation value of the square of the Higgs field,

v2/T 2 = 2⟨φ†φ⟩/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable ⟨φ†φ⟩ is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
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FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

result [2] for v2(T ) in the broken phase. Perturbation
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this difference to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-

tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are

able to compute the rate 4 orders of magnitude further
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

(’14 D’Onofrio)

�W � exp[�145 + 0.8(T/GeV)]T

�e/T

�W (t)
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lattice simulations for the EW crossover with 125 GeV Higgs
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Figure 2: The time-dependent weak mixing angle, expressed as cos2 ✓W(t). Results of numerical

lattice simulations [61] appear as (gray) data points, and results of one-loop perturbative analytic

calculations [63] appear as a (black) dashed line. The other curves correspond to the “smoothed

step” interpolating function from Eq. (4.3), which we use for our analysis.

as a smoothed step function,

cos2 ✓W(T ) = cos2 ✓W0 +
1 � cos2 ✓W0

2

✓
1 + tanh

T � Tstep

�T

◆
, (4.3)

which interpolates between cos2 ✓W0 = g2/(g2 + g02) ' 0.773 at low temperature and cos2 ✓W = 1

at high temperature. A few trial functions are also shown in Fig. 2. It is straightforward to obtain

✓W in terms of the dimensionless temporal coordinate x = M0/T .

The conductivity of the SM plasma has been calculated in Ref. [73]. In the symmetric phase

at temperature T � 100 GeV they find the hypermagnetic conductivity to be �Y ' 55T , and

in the broken phase at temperature T ⇠ 100 GeV the electromagnetic conductivity is given by

�em ⇠ 109T (see also [58]). The conductivity �A that appears in Eq. (2.7) interpolates between

these two limiting behaviors. However, for simplicity we estimate the conductivity instead as

�A = 100T in both the symmetric and broken phases.

Adopting Eq. (4.3) to model the time-dependence of the weak mixing angle, we solve the

Boltzmann equations [58] using the source terms in Eq. (2.13). The evolution of the baryon asym-

metry during the EW crossover is shown in Fig. 3 where we compare the numerical solution with

the analytic formula that appears in Eq. (3.6). Evidently, the evolution of ⌘B depends strongly on

how the weak mixing angle evolves through the EW crossover; this behavior can be understood as

follows.

Let us first consider the pair of (purple) curves which correspond to Parameterization A

(Tstep = 162 GeV, �T = 1 GeV) in Fig. 2. In this case, the weak mixing angle quickly transitions
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Parameterization of the evolution of weak angle
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Figure 3: Evolution of the baryon asymmetry ⌘B during the EW crossover. The temporal coor-

dinate is x = T/H = M0/T . The four panels correspond to di↵erent values of the relic magnetic

field strength B0 and coherence length �0 today. In each panel, the five pairs of colored curves

correspond to the five parameterizations of ✓W(t) that appear in Fig. 2. The solid curves are the

result of numerically solving the Boltzmann equations, and the dashed curves evaluate the formula

in Eq. (3.6). The (gray) dotted curve corresponds to the calculation in Ref. [58].

between its asymptotic values at Tstep = 162 GeV. The sudden change in ✓W implies an abrupt

decrease in the helicity of the hypermagnetic field, and a correspondingly large source of baryon

number via the SAB term in Eq. (3.1). As predicted in Ref. [58] the baryon number grows suddenly,

but soon the hypermagnetic field is fully converted into an electromagnetic field, and the EW

sphaleron, which remains in thermal equilibrium until T ⇡ Tsph,fo ' 130 GeV, is able to wash

out the injection of baryon number. At temperatures T & 135 GeV, the analytic formula from

Eq. (3.6) (dashed curve) matches the numerical result (solid curve) very well. After EW sphaleron

freeze-out, T . 130 GeV the baryon number is fixed.

The (gray) dotted curve in Fig. 3 corresponds to the calculation of Ref. [58], which as-

sumed that the weak mixing angle changes abruptly and discontinuously at T = 162 GeV while
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Evolution of B-asymmetry
(’16 KK&Long)

Since the lattice results and one-loop calculation for the SM 
EW crossover differ each other significantly for this purpose, 
we choose several fitting functions of temperature 
dependence of the weak mixing angle. 

From B to E, uncertainty is O(103)
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�B � 10�10f(�W , T � 135GeV)
�

�EW

106GeV�1

� �
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10�3GeV2
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f(�W , T ) � � sin(2�W )T
d�W

dT
(� 1 @T � 135GeV)
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What determines final BAU?

Magnetogenesis with positive helicity before EWSB.
With appropriate properties of hyper MFs, 
present BAU can be explained.

※Since helicity is just the difference between the right and left helicity modes, 
the sign of helicity can be the same beyond the coherence length of MFs.
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Unfortunately, not everything can be explained at once.  
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In the B0-λ0 plane…

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

Banerjee+ (’04)

�0 � 1pc
�

B0

10�14G

�

Finke et al. (’15)

1804.08035

MF coherent length

Baryon overproduction

in the case magnetic fields are maximally helical.

KK&Long (’16)
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Interpretations

1. Intergalactic MFs are not maximally helical.  
• If they carry tiny helicity, blazar observations and 
baryon asymmetry can be explained simultaneously.  

2. Intergalactic MFs are maximally helical and they are 
generated after EWSB. No relation to BAU.  

3. Two magnetogenesis scenario. One occurred before 
EWSB and is responsible for BAU, the other occurred 
after EWSB and is responsible for blazars.  

4. Something is wrong in the blazar observations or 
evolution of MFs. e.g. Broderick+, 1808.02959
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Short summary

- Baryon asymmetry is generated from decaying hypermagnetic 
helicity through the chiral anomaly. No BSM ingredient!  
- B-violation: chiral anomaly/ C&CP-violation: hypermagnetic helicity 
  Out of equilibrium: Decay of hypermagnetic helicity/EWSB  
- Present B-asymmetry is explained for                                       . 
- Larger MFs (that explain blazars) predict baryon overproduction.  
- Way outs?   
- How to generate (hyper) MFs?

B0 � 10�16�17G �0 � 10�2�3pc
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Magnetogenesis models
        e.g.   D. Jiménez (MPIK), KK, K. Schmitz(Padova) & X.J. Xu (MPIK),  
                                                           JCAP12 (2017) 011[arXiv:1707.07943[hep-ph]] 
                KK, PRD97 (2018) 103506 [arXiv:1802.03055 (hep-ph)]  
                KK, Chang Sub Shin (IBS-CTPU), arXiv:1905.06966 [hep-ph]
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Known magnetogenesis mechanism
       … though non of them are satisfactory yet. 

1) (Pseudo)scalar dynamics (includes axion inflation) 

2) First order phase transition 

3) Chiral plasma instability 

e.g., Tuner&Widrow (’88), Ratra(’92), Garretson+(’92), Anber&Sorbo (’06), Fujita&Namba (’16), …
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e.g., Quashnock+(’89), Vachaspati (’91), Baym+ (’96), Grasso&Riotto(’98),…

e.g., Joyce&Shaposhnikov (’97), KK (’18), 
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Magnetogenesis with helicity is particularly interesting. 
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Known magnetogenesis mechanism
       … though non of them are satisfactory yet. 

1) (Pseudo)scalar dynamics (includes axion inflation) 

2) First order phase transition 

3) Chiral plasma instability 

e.g., Tuner&Widrow (’88), Ratra(’92), Garretson+(’92), Anber&Sorbo (’06), Fujita&Namba (’16), …
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e.g., Quashnock+(’89), Vachaspati (’91), Baym+ (’96), Grasso&Riotto(’98),…

e.g., Joyce&Shaposhnikov (’97), KK (’18)
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Magnetogenesis models

1. pseudoscalar inflation (’06 Anber+, and many others including  ’17 Jimenez, KK, Schmitz, Xu )
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Figure 5: Baryon asymmetry ⌘B = nB/s as a function of the instability parameter ⇠ and the Hubble rate H;

see Eq. (62). Here, both ⇠ and H are understood to correspond to the respective values at the end of inflation,

⇠ ⌘ ⇠rh and H ⌘ Hrh. The black solid [gray dashed] contours correspond to the maximally [minimally] allowed

value of the function f ; see Eq. (61). The green band illustrates the region in parameter space where ⌘B is in

accord with the observed value, ⌘obs
B ⇠ 10�10. The gray-shaded regions are the same as in Fig. 2.

which we believe to cover all realistic values of the function f including its uncertainties. Our

phenomenological ansatz reflects the fact that, at T ⇠ Tstep, the weak mixing angle changes

from its high-temperature value in the symmetric phase, cos2 ✓W = 1, to its low-temperature

value in the Higgs phase, cos2 ✓W = cos2 ✓0
W
. The width of this transition in temperature space

is characterized by the parameter �T . Realistic values of Tstep and �T fall into the ranges

155GeV . Tstep . 160GeV and 5GeV . �T . 20GeV, respectively. Varying Tstep and �T

within these ranges, we find that the realistic values of f almost span three orders of magnitude,

5.6⇥ 10�4 . f (✓W , TBAU) . 0.32 , (61)

which translates into an uncertainty in the final baryon asymmetry,

⌘B '
�
1.9⇥ 10�3 · · · 1.1

�
⇥ 10�16

✓
e
2⇡⇠rh

⇠
4
rh

◆✓
Hrh

1013GeV

◆3/2

. (62)

This expression for ⌘B is one of the main results of our paper. We show ⌘B as a function of

Hrh and ⇠rh in Fig. 5. Evidently, the observed baryon asymmetry, ⌘obs
B

⇠ 10�10 [95], can be

reproduced in a large part of parameter space. In view of Fig. 5, several comments are in order:

(i) For most values of the Hubble rate at the end of inflation, Hrh, the instability parameter

⇠rh needs to take a value in the range 4 . ⇠rh . 6 to allow for successful baryogenesis. According

to Eq. (32), this requires the suppression scale ⇤ to take a value in the following interval,

2.9⇥ 1017GeV . ⇤ . 4.3⇥ 1017GeV . (63)

25

(’17 Jiménez+)
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Magnetogenesis models

1. pseudoscalar inflation (’06 Anber+, and many others including  ’17 Jimenez, KK, Schmitz, Xu )
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Figure 5: Baryon asymmetry ⌘B = nB/s as a function of the instability parameter ⇠ and the Hubble rate H;

see Eq. (62). Here, both ⇠ and H are understood to correspond to the respective values at the end of inflation,

⇠ ⌘ ⇠rh and H ⌘ Hrh. The black solid [gray dashed] contours correspond to the maximally [minimally] allowed

value of the function f ; see Eq. (61). The green band illustrates the region in parameter space where ⌘B is in

accord with the observed value, ⌘obs
B ⇠ 10�10. The gray-shaded regions are the same as in Fig. 2.

which we believe to cover all realistic values of the function f including its uncertainties. Our

phenomenological ansatz reflects the fact that, at T ⇠ Tstep, the weak mixing angle changes

from its high-temperature value in the symmetric phase, cos2 ✓W = 1, to its low-temperature

value in the Higgs phase, cos2 ✓W = cos2 ✓0
W
. The width of this transition in temperature space

is characterized by the parameter �T . Realistic values of Tstep and �T fall into the ranges

155GeV . Tstep . 160GeV and 5GeV . �T . 20GeV, respectively. Varying Tstep and �T

within these ranges, we find that the realistic values of f almost span three orders of magnitude,

5.6⇥ 10�4 . f (✓W , TBAU) . 0.32 , (61)

which translates into an uncertainty in the final baryon asymmetry,

⌘B '
�
1.9⇥ 10�3 · · · 1.1

�
⇥ 10�16

✓
e
2⇡⇠rh

⇠
4
rh

◆✓
Hrh

1013GeV

◆3/2

. (62)

This expression for ⌘B is one of the main results of our paper. We show ⌘B as a function of

Hrh and ⇠rh in Fig. 5. Evidently, the observed baryon asymmetry, ⌘obs
B

⇠ 10�10 [95], can be

reproduced in a large part of parameter space. In view of Fig. 5, several comments are in order:

(i) For most values of the Hubble rate at the end of inflation, Hrh, the instability parameter

⇠rh needs to take a value in the range 4 . ⇠rh . 6 to allow for successful baryogenesis. According

to Eq. (32), this requires the suppression scale ⇤ to take a value in the following interval,

2.9⇥ 1017GeV . ⇤ . 4.3⇥ 1017GeV . (63)

25

(’17 Jiménez+)

10

Rm < 1

�B < 10
-10

Rm
max < 1

10
-11

10
-12

T
�

CPI > 10
5

GeV

no MHD

3 4 5 10 20

10
8

10
9

10
10

10
11

10
12

10
13

10
14

�
H

rh
[G

e
V
]

maximal EYBY

FIG. 2. Baryon asymmetry of the Universe compatible with the observed value assuming the upper bound on ÊY B̂Y is saturated (left
panel) or assuming the equilibrium value for ÊY B̂Y (right panel). The dark green bands indicate a baryon asymmetry in agreement
with the observed value, ¥obs ' 9£ 10°11, for f (µW , T̂ ) between fmax (dashed line) and fmin (solid line). The dashed green lines show
contours of ¥B for f = fmax. The yellow region indicates an overproduction of the baryon asymmetry, ¥B > ¥obs, whereas all white
regions correspond to a too small baryon asymmetry. In particular, in the region below the solid blue line magnetic diffusion is likely to
be efficient, corresponding to a small magnetic Reynolds number. For reference, the dashed blue lines indicate Rm = {1/3,3}, respectively,
and the dashed-dotted blue line indicates our most conservative estimate of the magnetic Reynolds number. The region above the red
line is excluded because the plasma instability occurs before the electron Yukawa coupling becomes relevant. For reference, the dashed
red lines correspond to T̂CPI = {104,106} GeV, respectively. The gray line indicates the limitation of the MHD approximation. We recall that
for ª. 4 (left panel) and ª. 9 (right panel) significant uncertainties might arise from the (model-dependent) reheating dynamics.
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= 111µB /34. See Appendix A

for details.

One may find an attractor solution to the evolution equa-
tion for the baryonic charge by requiring that @¥qB = 0, i.e.,
a dynamical equilibrium between the washout and produc-
tion terms. After the completion of the EW phase transition,
∞W,sph becomes exponentially small and @¥µW goes to zero
and the baryon asymmetry becomes frozen. The resulting
asymmetry can be estimated as,

¥B = qB

s
' 17

37

∑
(g

2
W

+ g
2
Y

)
f (µW , T̂ )S
∞W,sph

∏

T=135 GeV
, (51)

where the temperature at which the expression is evalu-
ated is determined from numerical simulations [8]. Fur-
thermore, s = (2º2/45) g§T

3 denotes the entropy of the SM
thermal bath, gW ' 0.64 and gY ' 0.35 are evaluated at the
electroweak scale, f (µW , T̂ ) =°T̂ dµW /dT̂ sin(2µW ) encodes
the change in the Weinberg angle µW around the EW phase
transition, and S = H/(ŝT̂ )h/(8º2

a
3) encodes the Chern-

Simons charge. The evaluation of f (µW , T̂ ) in the SM comes
with significant uncertainties, following Ref. [12] (see also
[8]) we consider values in the range fmin . f (µW , T̂ ) . fmax

with

fmin = 5.6£10°4 , fmax = 0.32. (52)

Using Eq. (19) and helicity conservation after reheating, we
find

S =° 5

8º3
p

10 g§

hÊY ·B̂Y irh

T̂ 2MPlHrh

µ
T̂

T̂rh

∂3

. (53)

Note again that the sign of hÊY ·B̂Y irh is proportional to ∏,
i.e., the sign of ¡̇. Hence, to have a positive ¥B , we need a
negative ¡̇.

Viable parameter space for baryogenesis. Assuming in-
stantaneous reheating, the baryon asymmetry in Eq. (51)
depends only on the energy scale of inflation, Hrh, and the
parameter ª governing the amplitude of the primordial hy-
per gauge fields hÊY B̂Y irh. In Fig. 2, we show the result-
ing baryon asymmetry in this plane, together with the con-
ditions required to sustain the helicity stored in the hyper
magnetic field until the EW phase transition. For the left
panel, we assume that the hyper gauge fields generated dur-
ing inflation saturate the upper bound, as depicted by the
solid lines in Fig. 1. For the right panel, we assume fast

(’19 Domcke+)
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Magnetogenesis models

1. pseudoscalar inflation (’06 Anber+, and many others including  ’17 Jimenez, KK, Schmitz, Xu )

One polarization mode feels instability => maximally helical MFs

In the Affleck-Dine mechanism by integrating out 
heavy fields around the flat direction (AD field), 
the phase direction of the AD field obtain the 
anomalous coupling to unbroken U(1) gauge 
fields, if any. 
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It is indeed obvious noting that the phase direction of 
HuHd flat direction is nothing but the PQWW axion. 

(’19 KK & Shin )

e.g. HuHd or LHu flat direction. 
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2. Chiral plasma instability (’97 Joyce&Schaposhnikov, ’17 Schober+, ’18 KK)
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(’80 Vilenkin, ’08 Fukushima, Kharzéev&Warringa, and more…)
2

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,

J�! / [n(e�
L
) + n(e+

R
)]� [n(e�

R
) + n(e+

L
)]. (5)

The presence of non-zero µL means that n(e�
L
) 6= n(e+

R
) and of µR that n(e�

R
) 6= n(e+

L
). However, if µL = µR then

n(e�
L
) = n(e�

R
) and n(e+

R
) = n(e+

L
), and J�! vanishes. Also if µL = �µR then n(e�

L
) = n(e+

L
) and n(e+

R
) = n(e�

R
), and

again J�! = 0. So for J�! to be non-vanishing, we need �µ
2 ⌘ µ

2

L
� µ

2

R
6= 0. The exact calculation in Ref. [16] gives

J�! =
e

4⇡2
�µ

2 ! , (6)

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+)
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is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (46)

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 (27).
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

. (47)

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 other at Re

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

large fluid and magnetic Reynolds numbers, vµ ≪ |αµ|,
and we can neglect vµ in these equations. This regime
corresponds 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 nonlinearity
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 9.
Four phases can be distinguished:
(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 magni-
tude up to nearly the 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
the magnetic field continues to increase at a reduced
growth rate in comparison with that of the small-scale
chiral dynamo instability. In this phase, we also observe
the formation of inverse energy transfer with a k−2 mag-
netic energy spectrum that was previously found and
comprehensively analyzed by Brandenburg et al. (2017b)
in DNS of chiral MHD with different parameters.
(4) The third nonlinear phase resulting in saturation

of the large-scale dynamos, which ends at ≈ 0.45tη
when the large-scale magnetic field reaches the maximum
value. The conserved quantity ⟨A · B⟩ + 2µrms/λ stays
constant over all four phases. Saturation is caused by the
λ term in the evolution equation of the chiral chemical
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Figure 9. Chiral magnetically driven turbulence. Time
evolution for different quantities.

potential, which leads to a decrease of µ from its initial
value to 1.
The middle panel of Figure 9 shows the measured

growth rate of Brms as a function of time. In the kine-
matic phase, γ agrees with the theoretical prediction for
the laminar chiral dynamo instability; see Equation (27),
which is indicated by the dashed red horizontal line in the
middle panel of Figure 9. During this phase, the growth
rate of the velocity field, given by the dotted gray line in
Figure 9, is larger by roughly a factor of two than that
of the magnetic field. This is expected when turbulence
is driven via the Lorentz force, which is quadratic in the
magnetic field.
Once the kinetic energy is of the same order as the

’17 Schober+

Numerical MHD now suggests complete 
transfer from the chiral asymmetry to 
magnetic helicity is realized. 

d

dt

�
n5 +

c�

2�
H

�
= 0

<latexit sha1_base64="4BmJadAzQPSB7FiO7WZMOjtsHSc="></latexit><latexit sha1_base64="+L9k3cDtu3Ll6sAcDEe52qwtNng="></latexit><latexit sha1_base64="+L9k3cDtu3Ll6sAcDEe52qwtNng="></latexit><latexit sha1_base64="sDtZ47uGbe3yfsjRMUSKP9g0dlE="></latexit>

SU(5) GUT baryogengesis-like scenario may 
give rise to large initial chiral asymmetry.
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netically driven turbulence. The chiral Mach number of
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driven turbulence is shown in the top panel of Figure 9.
Four phases can be distinguished:
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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 magni-
tude up to nearly the 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
the magnetic field continues to increase at a reduced
growth rate in comparison with that of the small-scale
chiral dynamo instability. In this phase, we also observe
the formation of inverse energy transfer with a k−2 mag-
netic energy spectrum that was previously found and
comprehensively analyzed by Brandenburg et al. (2017b)
in DNS of chiral MHD with different parameters.
(4) The third nonlinear phase resulting in saturation

of the large-scale dynamos, which ends at ≈ 0.45tη
when the large-scale magnetic field reaches the maximum
value. The conserved quantity ⟨A · B⟩ + 2µrms/λ stays
constant over all four phases. Saturation is caused by the
λ term in the evolution equation of the chiral chemical
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Figure 9. Chiral magnetically driven turbulence. Time
evolution for different quantities.

potential, which leads to a decrease of µ from its initial
value to 1.
The middle panel of Figure 9 shows the measured

growth rate of Brms as a function of time. In the kine-
matic phase, γ agrees with the theoretical prediction for
the laminar chiral dynamo instability; see Equation (27),
which is indicated by the dashed red horizontal line in the
middle panel of Figure 9. During this phase, the growth
rate of the velocity field, given by the dotted gray line in
Figure 9, is larger by roughly a factor of two than that
of the magnetic field. This is expected when turbulence
is driven via the Lorentz force, which is quadratic in the
magnetic field.
Once the kinetic energy is of the same order as the

’17 Schober+

Numerical MHD now suggests complete 
transfer from the chiral asymmetry to 
magnetic helicity is realized. 
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SU(5) GUT baryogengesis-like scenario may 
give rise to large initial chiral asymmetry.

(’18 KK)
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For                         , while initial BAU is washed out by the sphalerons,  
with the transferred hyper magnetic fields, present BAU can be explained. 
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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
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1. Absence of GeV cascade photon from blazars as well 
as the new mechanism of baryogenesis from helical 
hypermagnetic fields give a strong motivation to study 
cosmological magnetic fields.  

2. Unfortunately at present there are no concrete models 
that can explain everything at once.  

3. Nevertheless the seeking for the magnetogenesis 
mechanism is an interesting field of study. Blazars and 
baryogenesis are the good guiding principles. 

4. Inflationary magnetogenesis is one of the popular and 
interesting options, which needs more investigations.  

5. Chiral plasma instability is an physically interesting 
process, which can have nontrivial implications on GUT. 
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Chiral anomaly
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[ _ ( 3 / 3 x l ) 2  + (eH)2(xl + P2/eH) + (1o3) 2 + eHo3] cb 

= co2@ , 

with 03 = + 1. The energy levels are given by the 
Landau levels, 

co(n, 03, P3) = -+ [2eH(n + ~-) + (/°3) 2 + eHo 3 ] 1/2 

(n : 0 ,  1 , 2 ,  ...) 

except for the n = 0 and 03 = - 1  mode where 

co(n = 0, cr 3 = - 1  ,P3) = -+P3 • 

The eigenfunction takes the form 

qbncr3(X ) = Nno  3 exp(- iP2x2 - ie3x3 ) 

(7) 

(s) 

n~2 ~ n:n[:O 

~ P3 

n=2 

Fig. 2. Dispersion law for the  RH Weyl fermion in 3 + l di- 
mensions in the presence of  a magnetic  field in the x 3-direc- 
tion. 

× exp[-~eH(x 1 +P2/eH)2IHn(X 1 +P2/eH)x(o3),  
(9) 

with Nno 3 as the normalization constant.  Here X(o3) 
denotes the eigenfunctions of  the Pauli spin o 3 which 
carl be taken as X(1) = (1) and X(-1)  = (~). The solu- 
tion of  (4) is obtained by inserting (9) into (6). This 
leads to the relations 

~J~ff +1'O3= 1) =(jWn+l,o.3=_l/N,tr3=l)l~/(R t'/'O'3=1), 

for n = 0, 1 . . . . .  

amt 

~ ( n = 0 , o 3 = - l )  = 0, with co = - P 3  • 
R 

Thus the energy levels o f  CR are (4) and 

co(r/ = 0, a 3 = --1 ,P3)  =P3 " (10) 

The dispersion laws (7) and (10) are shown in fig. 2. 
Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = - 1 )  the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of  the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of  
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 

NR = L -  l(LeH/47r2)cofs(n = 0, o 3 = - 1  ' P3 )  

= (e2[4rr2)EH, (11) 

which equals to OR'  

For  the LH fermions the annihilation rate of  the 
LH particles is 

NL = -(e2/41r2)EH' (12) 

and the creation rate of  the LH antiparticles is 

NL = (e2 /47r2)EH , (13) 

which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 0 5  = (eZ/2rr2)EH. 

3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
mion theory described by an N component  fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 

N 
S - i f d t ~  ~ + = ~k (na) ~/k(na) 

n k=l  

- f d ,  1 3 2  Z:  - n m k l  
Here n denotes the set o f  integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
characteristic feature of  the lattice fermion theory is 
that,  because S is invariant under a lattice translation 
with ~ sitting on the lattice sites, the momentum 
space forms a hypertorus,  T 3 , which is the Brillouin 
zone. 
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L-handed fermion
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Difference in particle number  
of L-and R-handed mode.   
=>             is inducedj0

5 = n5
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If there are coherent and parallel electric & 
magnetic fields in the background,
j0
5 = n5
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is induced in the system

(’69 Adler; Bell&Jackiw)

(’83 Ninomiya&Nielsen)
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[ _ ( 3 / 3 x l ) 2  + (eH)2(xl + P2/eH) + (1o3) 2 + eHo3] cb 

= co2@ , 

with 03 = + 1. The energy levels are given by the 
Landau levels, 

co(n, 03, P3) = -+ [2eH(n + ~-) + (/°3) 2 + eHo 3 ] 1/2 

(n : 0 ,  1 , 2 ,  ...) 

except for the n = 0 and 03 = - 1  mode where 

co(n = 0, cr 3 = - 1  ,P3) = -+P3 • 

The eigenfunction takes the form 

qbncr3(X ) = Nno  3 exp(- iP2x2 - ie3x3 ) 

(7) 

(s) 

n~2 ~ n:n[:O 

~ P3 

n=2 

Fig. 2. Dispersion law for the  RH Weyl fermion in 3 + l di- 
mensions in the presence of  a magnetic  field in the x 3-direc- 
tion. 

× exp[-~eH(x 1 +P2/eH)2IHn(X 1 +P2/eH)x(o3),  
(9) 

with Nno 3 as the normalization constant.  Here X(o3) 
denotes the eigenfunctions of  the Pauli spin o 3 which 
carl be taken as X(1) = (1) and X(-1)  = (~). The solu- 
tion of  (4) is obtained by inserting (9) into (6). This 
leads to the relations 

~J~ff +1'O3= 1) =(jWn+l,o.3=_l/N,tr3=l)l~/(R t'/'O'3=1), 

for n = 0, 1 . . . . .  

amt 

~ ( n = 0 , o 3 = - l )  = 0, with co = - P 3  • 
R 

Thus the energy levels o f  CR are (4) and 

co(r/ = 0, a 3 = --1 ,P3)  =P3 " (10) 

The dispersion laws (7) and (10) are shown in fig. 2. 
Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = - 1 )  the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of  the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of  
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 

NR = L -  l(LeH/47r2)cofs(n = 0, o 3 = - 1  ' P3 )  

= (e2[4rr2)EH, (11) 

which equals to OR'  

For  the LH fermions the annihilation rate of  the 
LH particles is 

NL = -(e2/41r2)EH' (12) 

and the creation rate of  the LH antiparticles is 

NL = (e2 /47r2)EH , (13) 

which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 0 5  = (eZ/2rr2)EH. 

3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
mion theory described by an N component  fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 

N 
S - i f d t ~  ~ + = ~k (na) ~/k(na) 

n k=l  

- f d ,  1 3 2  Z:  - n m k l  
Here n denotes the set o f  integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
characteristic feature of  the lattice fermion theory is 
that,  because S is invariant under a lattice translation 
with ~ sitting on the lattice sites, the momentum 
space forms a hypertorus,  T 3 , which is the Brillouin 
zone. 
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Landau level appears  
by adding MFs in   -direction
Further adding EFs in  
  -direction, the levels are  
occupied along the gapless  
modes

z
<latexit sha1_base64="oIaDILK4ZJzp2l91WdGY4Yl5tVo=">AAACDXicbVC7TsMwFHV4lvAqMLJYVEhMVVIGWBAVLIytRB9SG1WOc9NatZPIdpBK1C9gYIEv4BvYEGs/AfElrLiPgbYcydLROffqHh8/4Uxpx/m2VlbX1jc2c1v29s7u3n7+4LCu4lRSqNGYx7LpEwWcRVDTTHNoJhKI8Dk0/P7t2G88gFQsju71IAFPkG7EQkaJNlL1sZMvOEVnArxM3BkpXI/sq+Tty6508j/tIKapgEhTTpRquU6ivYxIzSiHod1OFSSE9kkXWoZGRIDysknQIT41SoDDWJoXaTxR/25kRCg1EL6ZFET31KI3Fv/1fDF3OVMmWg+ChTg6vPQyFiWphohO04QpxzrG42pwwCRQzQeGECqZ+RCmPSIJ1aZA2zTlLvayTOqlonteLFWdQvkGTZFDx+gEnSEXXaAyukMVVEMUAXpCL+jVerberQ/rczq6Ys12jtAcrNEvafSfvg==</latexit>

R-handed fermion
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except for the n = 0 and 03 = -1 mode where 
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The eigenfunction takes the form 

qbncr3(X ) = Nno 3 exp(-iP2x2 - ie3x3 ) 
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~ P3 

n=2 

Fig. 2. Dispersion law for the RH Weyl fermion in 3 + l di- 
mensions in the presence of a magnetic field in the x 3-direc- 
tion. 

× exp[-~eH(x 1 +P2/eH)2IHn(X 1 +P2/eH)x(o3), 
(9) 

with Nno 3 as the normalization constant. Here X(o3) 
denotes the eigenfunctions of the Pauli spin o 3 which 
carl be taken as X(1) = (1) and X(-1) = (~). The solu- 
tion of (4) is obtained by inserting (9) into (6). This 
leads to the relations 

~J~ff +1'O3= 1) =(jWn+l,o.3=_l/N,tr3=l)l~/(R t'/'O'3=1), 

for n = 0, 1 ..... 

amt 

~(n=0,o3=-l) = 0, with co = -P3 • 
R 

Thus the energy levels of CR are (4) and 

co(r/ = 0, a 3 = --1 ,P3) =P3 " (10) 

The dispersion laws (7) and (10) are shown in fig. 2. 
Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = -1) the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of 
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 

NR = L- l(LeH/47r2)cofs(n = 0, o 3 = -1 'P3) 

= (e2[4rr2)EH, (11) 

which equals to OR' 

For the LH fermions the annihilation rate of the 
LH particles is 

NL = -(e2/41r2)EH' (12) 

and the creation rate of the LH antiparticles is 

NL = (e2 /47r2)EH , (13) 

which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 05 = (eZ/2rr2)EH. 

3. Consider next the hamiltonian version of a 
general lattice regularized two-component chiral fer- 
mion theory described by an N component fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 

N 
S -ifdt~ ~ + = ~k (na) ~/k(na) 

n k=l 

- fd, 132 Z: - nmkl 
Here n denotes the set of integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
characteristic feature of the lattice fermion theory is 
that, because S is invariant under a lattice translation 
with ~ sitting on the lattice sites, the momentum 
space forms a hypertorus, T 3 , which is the Brillouin 
zone. 
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The dispersion laws (7) and (10) are shown in fig. 2. 
Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = - 1 )  the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of  the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of  
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 

NR = L -  l(LeH/47r2)cofs(n = 0, o 3 = - 1  ' P3 )  

= (e2[4rr2)EH, (11) 

which equals to OR'  

For  the LH fermions the annihilation rate of  the 
LH particles is 

NL = -(e2/41r2)EH' (12) 

and the creation rate of  the LH antiparticles is 

NL = (e2 /47r2)EH , (13) 

which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 0 5  = (eZ/2rr2)EH. 

3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
mion theory described by an N component  fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 

N 
S - i f d t ~  ~ + = ~k (na) ~/k(na) 
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Here n denotes the set o f  integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
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L-handed fermion
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Chiral magnetic effect (CME)
(’80 Vilenkin, ’08 Fukushima, Kharzéev&Warringa, and more…)

In the system with MFs and chiral asymmetry (     or     )  
electric current is induced by the CME. 
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Fig. 2. Dispersion law for the  RH Weyl fermion in 3 + l di- 
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with Nno 3 as the normalization constant.  Here X(o3) 
denotes the eigenfunctions of  the Pauli spin o 3 which 
carl be taken as X(1) = (1) and X(-1)  = (~). The solu- 
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leads to the relations 
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Thus the energy levels o f  CR are (4) and 

co(r/ = 0, a 3 = --1 ,P3)  =P3 " (10) 

The dispersion laws (7) and (10) are shown in fig. 2. 
Next a uniform electric field is turned on along the 

third direction parallel to H. As for the zero mode 
(n = 0, a 3 = - 1 )  the dispersion law is the same as 
that for 1 + 1 dimensions and the creation rate of  the 
particles is calculated in a similar manner. It should 
be noticed that when E is on adiabatically there is no 
particle creation in the n v s 0 modes. The density of  
the state per length L isLeH/4zr 2 and the creation 
rate (the ABJ anomaly) is given by 
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For  the LH fermions the annihilation rate of  the 
LH particles is 
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and the creation rate of  the LH antiparticles is 

NL = (e2 /47r2)EH , (13) 

which is 0 L . 
We then have for the Dirac field 

X;R + NL = (e2/2,~2)~/-/. 
that gives 0 5  = (eZ/2rr2)EH. 

3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
mion theory described by an N component  fermion 
field ffk. We further assume the locality and hermici- 
ty conditions for the hamiltonian. The action is given 
by 

N 
S - i f d t ~  ~ + = ~k (na) ~/k(na) 

n k=l  

- f d ,  1 3 2  Z:  - n m k l  
Here n denotes the set o f  integers, a the lattice spacing 
and H a local and harmitian N × N hamiltonian. A 
characteristic feature of  the lattice fermion theory is 
that,  because S is invariant under a lattice translation 
with ~ sitting on the lattice sites, the momentum 
space forms a hypertorus,  T 3 , which is the Brillouin 
zone. 
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Chiral anomaly
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(a) (b)
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FIG. 1. The topology of Abelian magnetic flux: (a) upper left – untwisted loop; (b) upper right –

twisted magnetic flux; (c) lower left – the self-linked magnetic flux (trefoil knot shown); (d) lower

right – the self-linked Chandrasekhar-Kendall state.

minimize the total magnetic energy

EM ⌘ 1

2

Z
d3x B2 (2.6)

at a given magnetic helicity (1.1). We thus expect that the CME currents will lead to the

transition from Hopfion states to CK states at late times, once the Ohmic currents have

dissipated. We will see below that explicit computations indeed yield this result.
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# Helicity:  
　1. Winding number of MF line  
   2. Difference between R and L modes

(’15 Hirono, Kharzeev & Yin)
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CME can be understood as the backreaction of generation 
of chiral asymmetry by the background EM fields.
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In terms of the magnetohydrodynamics
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non-zero                     induces chiral asymmetry
µ5

<latexit sha1_base64="h6wCXfF17kQyqM0YwaLmYfWIxnk=">AAACEXicbVC7SgNBFL0bXzG+opaKDAbBKuxGRMugjWUCbhJIljA7O0mGzOwuM7NCWFJaW9jon8RObP0Cv8EPsHXyKEzigYHDOfdyzxw/5kxp2/6yMiura+sb2c3c1vbO7l5+/6CmokQS6pKIR7LhY0U5C6mrmea0EUuKhc9p3e/fjv36A5WKReG9HsTUE7gbsg4jWBvJbYmkfdnOF+yiPQFaJs6MFMrHo+r348mo0s7/tIKIJIKGmnCsVNOxY+2lWGpGOB3mWomiMSZ93KVNQ0MsqPLSSdghOjNKgDqRNC/UaKL+3UixUGogfDMpsO6pRW8s/uv5Yu5yqky0Hg0W4ujOtZeyME40Dck0TSfhSEdoXA8KmKRE84EhmEhmPoRID0tMtCkxZ5pyFntZJrVS0bkolqqmshuYIgtHcArn4MAVlOEOKuACAQZP8AKv1rP1Zr1bH9PRjDXbOYQ5WJ+/2iShqA==</latexit>

E ·B = � 1
2V

d

dt
H

<latexit sha1_base64="O8BAiYJ2rgTIfyPh0JS9sze3NuA="></latexit>

non-zero      induces instability in the helical gauge fields
<Chiral plasma instability>

N5 +
g2

8�2
H
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conservation law for              is satisfied. 

CME can be understood as the backreaction of generation 
of chiral asymmetry by the background EM fields.

In terms of the magnetohydrodynamics


