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Magnetic fields (MFs)are ubiquitous in the Universe. 
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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.

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

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.

8

The Astrophysical Journal, 814:20 (14pp), 2015 November 20 Finke et al.

’15 Finke et al.

Constraints from BBN

�0 � 1pc
�

B0

10�14G

�
Inconsistent with MHD

CMB constraints

Coherence length

Field strength

’18 Fermi-LAT 
’23 MAGIC&Fermi-LAT



Slide Background Courtesy: H. Oide

Latest constraints from Fermi

6/32

35

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

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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We might expect that they are relics from the early Universe.

1. Long range MFs are not in thermal equilibrium but keep their long-range spectrum  
   (no “thermal” mass for the MFs). => Carry the information before the recombination?  
 
2. Generation mechanism (magnetogenesis) may need new physics beyond the SM.  
   => Target for the phenomenological model builders, such as axion inflation or phase transition. 
 
3. Chiral effects may play an important role of their generation and/or evolution.  
   => Interest for field theorists.
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We might expect that they are relics from the early Universe.

1. Long range MFs are not in thermal equilibrium but keep their long-range spectrum  
   (no “thermal” mass for the MFs). => Carry the information before the recombination?  
 
2. Generation mechanism (magnetogenesis) may need new physics beyond the SM.  
   => Target for the phenomenological model builders, such as axion inflation or phase transition. 
 
3. Chiral effects may play an important role of their generation and/or evolution.  
   => Interest for field theorists.

Baryon asymmetry of the Universe can be also explained! 
(’98 Giovannini & Shaposhnikov,’16 Fujita & KK, KK & Long) 

But I will not explain that much in detail in this talk….
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Slide Background Courtesy: H. Oide

Now I have in mind the evolution of magnetic fields  
in the radiation dominated, very early Universe

Universe filled with thermal 
plasma of the relativistic 
particles of the Standard 
Model of Particle Physics

Electric fields are screened while long-wave magnetic fields exist  
with a coherence length longer than the Debye screening scale 

<latexit sha1_base64="6RqpPDgMF+QMudfPvlf4Xvb6lJc=">AAACHXicbVDLSgMxFL3js9ZHR126CRahLiwz4mtZdOOyQl/QjiWTZtrQZGZIMkIZ+iUu3OinuBO34pe4NW1nYVsPBA7n3Ms9OX7MmdKO822trK6tb2zmtvLbO7t7BXv/oKGiRBJaJxGPZMvHinIW0rpmmtNWLCkWPqdNf3g38ZtPVCoWhTU9iqkncD9kASNYG6lrFzqKCVTqo9rpY3rmjrt20Sk7U6Bl4makCBmqXfun04tIImioCcdKtV0n1l6KpWaE03G+kygaYzLEfdo2NMSCKi+dBh+jE6P0UBBJ80KNpurfjRQLpUbCN5MC64Fa9Cbiv54v5i6nykQb0N5CHB3ceCkL40TTkMzSBAlHOkKTqlCPSUo0HxmCiWTmQ4gMsMREm0Lzpil3sZdl0jgvu1fly4eLYuU26ywHR3AMJXDhGipwD1WoA4EEnuEV3qwX6936sD5noytWtnMIc7C+fgEku6Fv</latexit>

⇠ (gT )�1
<latexit sha1_base64="Q5TILBVvtwFmMj1PGNvDW4NMtus=">AAACGHicbVDLTgIxFO3gC/GFunTTSExwQ2Z8L4luXGLCK2GQdMoFGtrOpO2YkAm/4cKNfoo749adX+LWArMQ8CRNTs65N/f0BBFn2rjut5NZWV1b38hu5ra2d3b38vsHdR3GikKNhjxUzYBo4ExCzTDDoRkpICLg0AiGdxO/8QRKs1BWzSiCtiB9yXqMEmMlvyixr5nA1cfz006+4JbcKfAy8VJSQCkqnfyP3w1pLEAayonWLc+NTDshyjDKYZzzYw0RoUPSh5alkgjQ7WSaeYxPrNLFvVDZJw2eqn83EiK0HonATgpiBnrRm4j/eoGYu5xoG20A3YU4pnfTTpiMYgOSztL0Yo5NiCct4S5TQA0fWUKoYvZDmA6IItTYLnO2KW+xl2VSPyt5V6XLh4tC+TbtLIuO0DEqIg9dozK6RxVUQxRF6Bm9ojfnxXl3PpzP2WjGSXcO0Rycr19UN6AE</latexit>

(n ⇠ T 3)
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in the radiation dominated, very early Universe

Universe filled with thermal 
plasma of the relativistic 
particles of the Standard 
Model of Particle Physics

Electric fields are screened while long-wave magnetic fields exist  
with a coherence length longer than the Debye screening scale 
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⇠ (gT )�1
<latexit sha1_base64="Q5TILBVvtwFmMj1PGNvDW4NMtus=">AAACGHicbVDLTgIxFO3gC/GFunTTSExwQ2Z8L4luXGLCK2GQdMoFGtrOpO2YkAm/4cKNfoo749adX+LWArMQ8CRNTs65N/f0BBFn2rjut5NZWV1b38hu5ra2d3b38vsHdR3GikKNhjxUzYBo4ExCzTDDoRkpICLg0AiGdxO/8QRKs1BWzSiCtiB9yXqMEmMlvyixr5nA1cfz006+4JbcKfAy8VJSQCkqnfyP3w1pLEAayonWLc+NTDshyjDKYZzzYw0RoUPSh5alkgjQ7WSaeYxPrNLFvVDZJw2eqn83EiK0HonATgpiBnrRm4j/eoGYu5xoG20A3YU4pnfTTpiMYgOSztL0Yo5NiCct4S5TQA0fWUKoYvZDmA6IItTYLnO2KW+xl2VSPyt5V6XLh4tC+TbtLIuO0DEqIg9dozK6RxVUQxRF6Bm9ojfnxXl3PpzP2WjGSXcO0Rycr19UN6AE</latexit>

(n ⇠ T 3)

=> It is appropriate to describe it with magnetohydrodynamics (MHD). 
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MHD equations
The dynamical degrees of freedom: 

Magnetic field:                   ,   Plasma velocity:      ,   Energy density: 
<latexit sha1_base64="TmACdb8IfAw84Z/zxMz9M9oY+PU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCrviqwzaWEYwD0iWMDt7kwyZ2V1mZoWw5CMsbPRT7MTWD/BLbJ0kW5jogYHDOfdyz5wgEVwb1/1yCiura+sbxc3S1vbO7l55/6Cp41QxbLBYxKodUI2CR9gw3AhsJwqpDAS2gtHt1G89otI8jh7MOEFf0kHE+5xRY6VW1g0kSSe9csWtujOQv8TLSQVy1Hvl724Ys1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkZUovazWdwJObFKSPqxsi8yZKb+3sio1HosAzspqRnqZW8q/usFcuFypm20IYZLcUz/2s94lKQGIzZP008FMTGZFkRCrpAZMbaEMsXthwgbUkWZsTWWbFPeci9/SfOs6l1WL+7PK7WbvLMiHMExnIIHV1CDO6hDAxiM4Ale4NV5dt6cd+djPlpw8p1DWIDz+QMzqp8B</latexit>u

<latexit sha1_base64="wGy7FNHeaffTcfpfQY+sZ6Bl9Z4=">AAACEHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymQybYbOI8xMhBL6Cy7c6Ke4E7f+gV/i1kmbhW09MHA4517umRMmjGrjed9OaWV1bX2jvFnZ2t7Z3avuH7S1TBUmLSyZVJ0QacKoIC1DDSOdRBHEQ0Yew9Ft7j8+EaWpFA9mnJCAo6GgA4qRyaWeimW/WvPq3hTuMvELUoMCzX71pxdJnHIiDGZI667vJSbIkDIUMzKp9FJNEoRHaEi6lgrEiQ6yadaJe2KVyB1IZZ8w7lT9u5EhrvWYh3aSIxPrRS8X//VCPnc50zZaTKKFOGZwHWRUJKkhAs/SDFLmGunm7bgRVQQbNrYEYUXth1wcI4WwsR1WbFP+Yi/LpH1W9y/rF/fntcZN0VkZjuAYTsGHK2jAHTShBRhieIZXeHNenHfnw/mcjZacYucQ5uB8/QL17Z3Q</latexit>⇢<latexit sha1_base64="60YW5j84xpEX4szwM/Cl81hS/qg=">AAACM3icbVDLSgMxFM3UV62vUZdugqXgqsyIr41Q68ZlBfuATilJmrahSWZIMkIZ5gv8Ghdu9EvEnbh17dZ02oVtPXDhcM693HsPjjjTxvPendzK6tr6Rn6zsLW9s7vn7h80dBgrQusk5KFqYaQpZ5LWDTOctiJFkcCcNvHoduI3H6nSLJQPZhzRjkADyfqMIGOlrltKAixgNYXXMGOBRJijFAaGCaqn2k3adYte2csAl4k/I0UwQ63r/gS9kMSCSkM40rrte5HpJEgZRjhNC0GsaYTICA1o21KJ7LJOkr2TwpJVerAfKlvSwEz9O5EgofVYYNspkBnqRW8i/uthMbc50fa0Ie0tnGP6V52EySg2VJLpNf2YQxPCSYCwxxQlho8tQUQx+xAkQ6QQMTbmgk3KX8xlmTROy/5F+fz+rFipzjLLgyNwDE6ADy5BBdyBGqgDAp7AM3gFb86L8+F8Ol/T1pwzmzkEc3C+fwHJbaqH</latexit>

B = r⇥A
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MHD equations
The dynamical degrees of freedom: 

Magnetic field:                   ,   Plasma velocity:      ,   Energy density: 
<latexit sha1_base64="TmACdb8IfAw84Z/zxMz9M9oY+PU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCrviqwzaWEYwD0iWMDt7kwyZ2V1mZoWw5CMsbPRT7MTWD/BLbJ0kW5jogYHDOfdyz5wgEVwb1/1yCiura+sbxc3S1vbO7l55/6Cp41QxbLBYxKodUI2CR9gw3AhsJwqpDAS2gtHt1G89otI8jh7MOEFf0kHE+5xRY6VW1g0kSSe9csWtujOQv8TLSQVy1Hvl724Ys1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkZUovazWdwJObFKSPqxsi8yZKb+3sio1HosAzspqRnqZW8q/usFcuFypm20IYZLcUz/2s94lKQGIzZP008FMTGZFkRCrpAZMbaEMsXthwgbUkWZsTWWbFPeci9/SfOs6l1WL+7PK7WbvLMiHMExnIIHV1CDO6hDAxiM4Ale4NV5dt6cd+djPlpw8p1DWIDz+QMzqp8B</latexit>u

<latexit sha1_base64="wGy7FNHeaffTcfpfQY+sZ6Bl9Z4=">AAACEHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymQybYbOI8xMhBL6Cy7c6Ke4E7f+gV/i1kmbhW09MHA4517umRMmjGrjed9OaWV1bX2jvFnZ2t7Z3avuH7S1TBUmLSyZVJ0QacKoIC1DDSOdRBHEQ0Yew9Ft7j8+EaWpFA9mnJCAo6GgA4qRyaWeimW/WvPq3hTuMvELUoMCzX71pxdJnHIiDGZI667vJSbIkDIUMzKp9FJNEoRHaEi6lgrEiQ6yadaJe2KVyB1IZZ8w7lT9u5EhrvWYh3aSIxPrRS8X//VCPnc50zZaTKKFOGZwHWRUJKkhAs/SDFLmGunm7bgRVQQbNrYEYUXth1wcI4WwsR1WbFP+Yi/LpH1W9y/rF/fntcZN0VkZjuAYTsGHK2jAHTShBRhieIZXeHNenHfnw/mcjZacYucQ5uB8/QL17Z3Q</latexit>⇢<latexit sha1_base64="60YW5j84xpEX4szwM/Cl81hS/qg=">AAACM3icbVDLSgMxFM3UV62vUZdugqXgqsyIr41Q68ZlBfuATilJmrahSWZIMkIZ5gv8Ghdu9EvEnbh17dZ02oVtPXDhcM693HsPjjjTxvPendzK6tr6Rn6zsLW9s7vn7h80dBgrQusk5KFqYaQpZ5LWDTOctiJFkcCcNvHoduI3H6nSLJQPZhzRjkADyfqMIGOlrltKAixgNYXXMGOBRJijFAaGCaqn2k3adYte2csAl4k/I0UwQ63r/gS9kMSCSkM40rrte5HpJEgZRjhNC0GsaYTICA1o21KJ7LJOkr2TwpJVerAfKlvSwEz9O5EgofVYYNspkBnqRW8i/uthMbc50fa0Ie0tnGP6V52EySg2VJLpNf2YQxPCSYCwxxQlho8tQUQx+xAkQ6QQMTbmgk3KX8xlmTROy/5F+fz+rFipzjLLgyNwDE6ADy5BBdyBGqgDAp7AM3gFb86L8+F8Ol/T1pwzmzkEc3C+fwHJbaqH</latexit>

B = r⇥A

Maxwell eq. : 

Navier-Stokes eq. :

Continuity eq. :

<latexit sha1_base64="Kn/32iT0SD+GAKGMQg3I5OcziLM="></latexit>

@B

@t
= r⇥ [u⇥B � ⌘J ], J = r⇥B,

⇢
Du

Dt
= (r⇥B)⇥B �rp+r · (2⌫⇢S) + ⇢f

D⇢

Dt
= �⇢r · u

<latexit sha1_base64="2CgYY3639k8qm9TebJmwXeJrKtI="></latexit>

Sij ⌘
1

2
(@jui + @iuj)�

1

3
�ijr · u

<latexit sha1_base64="4tdWfLTwgZBvr1Bx+vIql7Cqzb0=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwVWbE10YodSOuKtgHdIaSSTNtaJIZkoxQhtn6NS7c6KcILsStf+DWtDMLWz0QODn3Xu65J4gZVdpx3q3S0vLK6lp5vbKxubW9Y+/utVWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtfTeueBSEUjca8nMfE5GgoaUoy0kfo2TL2AwzCDVzm7zaCnKScq/zayvl11as4M8C9xC1IFBZp9+9sbRDjhRGjMkFI914m1nyKpKWYkq3iJIjHCYzQkPUMFMsv8dHZJBo+MMoBhJM0TGs7U3xMp4kpNeGA6OdIjtVibiv/WAj63OVXG2ogMFuzo8NJPqYgTTQTO3YQJgzqC0+zggEqCNZsYgrCk5iCIR0girE3CFZOUu5jLX9I+qbnntbO702q9UWRWBgfgEBwDF1yAOrgBTdACGDyCJ/ACXq1n6836sD7z1pJVzOyDOVhfP6PmqGo=</latexit>

f = J ⇥B
<latexit sha1_base64="TiIx1KFXwHy5WGRIn5D85cBNC/M=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmbE17LoxmUF+5DOUDKZO21okhmSjFCGfoULN/op7sSta7/EreljYVsPBA7n3Ms9OWHKmTau++0sLa+srq0XNoqbW9s7u6W9/YZOMkWhThOeqFZINHAmoW6Y4dBKFRARcmiG/duR33wCpVkiH8wghUCQrmQxo8RY6dEHQ06xL7NOqexW3DHwIvGmpIymqHVKP36U0EyANJQTrduem5ogJ8owymFY9DMNKaF90oW2pZII0EE+DjzEx1aJcJwo+6TBY/XvRk6E1gMR2klBTE/PeyPxXy8UM5dzbaP1IJqLY+LrIGcyzQxIOkkTZxybBI8qwhFTQA0fWEKoYvZDmPaIItTYIou2KW++l0XSOKt4l5WL+/Ny9WbaWQEdoiN0gjx0haroDtVQHVEk0DN6RW/Oi/PufDifk9ElZ7pzgGbgfP0CMHqffg==</latexit>⌘, ⌫ : resistivity/viscosity
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MHD equations
The dynamical degrees of freedom: 

Magnetic field:                   ,   Plasma velocity:      ,   Energy density: 
<latexit sha1_base64="TmACdb8IfAw84Z/zxMz9M9oY+PU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCrviqwzaWEYwD0iWMDt7kwyZ2V1mZoWw5CMsbPRT7MTWD/BLbJ0kW5jogYHDOfdyz5wgEVwb1/1yCiura+sbxc3S1vbO7l55/6Cp41QxbLBYxKodUI2CR9gw3AhsJwqpDAS2gtHt1G89otI8jh7MOEFf0kHE+5xRY6VW1g0kSSe9csWtujOQv8TLSQVy1Hvl724Ys1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkZUovazWdwJObFKSPqxsi8yZKb+3sio1HosAzspqRnqZW8q/usFcuFypm20IYZLcUz/2s94lKQGIzZP008FMTGZFkRCrpAZMbaEMsXthwgbUkWZsTWWbFPeci9/SfOs6l1WL+7PK7WbvLMiHMExnIIHV1CDO6hDAxiM4Ale4NV5dt6cd+djPlpw8p1DWIDz+QMzqp8B</latexit>u

<latexit sha1_base64="wGy7FNHeaffTcfpfQY+sZ6Bl9Z4=">AAACEHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymQybYbOI8xMhBL6Cy7c6Ke4E7f+gV/i1kmbhW09MHA4517umRMmjGrjed9OaWV1bX2jvFnZ2t7Z3avuH7S1TBUmLSyZVJ0QacKoIC1DDSOdRBHEQ0Yew9Ft7j8+EaWpFA9mnJCAo6GgA4qRyaWeimW/WvPq3hTuMvELUoMCzX71pxdJnHIiDGZI667vJSbIkDIUMzKp9FJNEoRHaEi6lgrEiQ6yadaJe2KVyB1IZZ8w7lT9u5EhrvWYh3aSIxPrRS8X//VCPnc50zZaTKKFOGZwHWRUJKkhAs/SDFLmGunm7bgRVQQbNrYEYUXth1wcI4WwsR1WbFP+Yi/LpH1W9y/rF/fntcZN0VkZjuAYTsGHK2jAHTShBRhieIZXeHNenHfnw/mcjZacYucQ5uB8/QL17Z3Q</latexit>⇢<latexit sha1_base64="60YW5j84xpEX4szwM/Cl81hS/qg=">AAACM3icbVDLSgMxFM3UV62vUZdugqXgqsyIr41Q68ZlBfuATilJmrahSWZIMkIZ5gv8Ghdu9EvEnbh17dZ02oVtPXDhcM693HsPjjjTxvPendzK6tr6Rn6zsLW9s7vn7h80dBgrQusk5KFqYaQpZ5LWDTOctiJFkcCcNvHoduI3H6nSLJQPZhzRjkADyfqMIGOlrltKAixgNYXXMGOBRJijFAaGCaqn2k3adYte2csAl4k/I0UwQ63r/gS9kMSCSkM40rrte5HpJEgZRjhNC0GsaYTICA1o21KJ7LJOkr2TwpJVerAfKlvSwEz9O5EgofVYYNspkBnqRW8i/uthMbc50fa0Ie0tnGP6V52EySg2VJLpNf2YQxPCSYCwxxQlho8tQUQx+xAkQ6QQMTbmgk3KX8xlmTROy/5F+fz+rFipzjLLgyNwDE6ADy5BBdyBGqgDAp7AM3gFb86L8+F8Ol/T1pwzmzkEc3C+fwHJbaqH</latexit>

B = r⇥A

Maxwell eq. : 

Navier-Stokes eq. :

Continuity eq. :

<latexit sha1_base64="Kn/32iT0SD+GAKGMQg3I5OcziLM="></latexit>
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@t
= r⇥ [u⇥B � ⌘J ], J = r⇥B,

⇢
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Dt
= (r⇥B)⇥B �rp+r · (2⌫⇢S) + ⇢f
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<latexit sha1_base64="2CgYY3639k8qm9TebJmwXeJrKtI="></latexit>

Sij ⌘
1

2
(@jui + @iuj)�

1

3
�ijr · u

<latexit sha1_base64="4tdWfLTwgZBvr1Bx+vIql7Cqzb0=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwVWbE10YodSOuKtgHdIaSSTNtaJIZkoxQhtn6NS7c6KcILsStf+DWtDMLWz0QODn3Xu65J4gZVdpx3q3S0vLK6lp5vbKxubW9Y+/utVWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtfTeueBSEUjca8nMfE5GgoaUoy0kfo2TL2AwzCDVzm7zaCnKScq/zayvl11as4M8C9xC1IFBZp9+9sbRDjhRGjMkFI914m1nyKpKWYkq3iJIjHCYzQkPUMFMsv8dHZJBo+MMoBhJM0TGs7U3xMp4kpNeGA6OdIjtVibiv/WAj63OVXG2ogMFuzo8NJPqYgTTQTO3YQJgzqC0+zggEqCNZsYgrCk5iCIR0girE3CFZOUu5jLX9I+qbnntbO702q9UWRWBgfgEBwDF1yAOrgBTdACGDyCJ/ACXq1n6836sD7z1pJVzOyDOVhfP6PmqGo=</latexit>

f = J ⇥B
<latexit sha1_base64="TiIx1KFXwHy5WGRIn5D85cBNC/M=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmbE17LoxmUF+5DOUDKZO21okhmSjFCGfoULN/op7sSta7/EreljYVsPBA7n3Ms9OWHKmTau++0sLa+srq0XNoqbW9s7u6W9/YZOMkWhThOeqFZINHAmoW6Y4dBKFRARcmiG/duR33wCpVkiH8wghUCQrmQxo8RY6dEHQ06xL7NOqexW3DHwIvGmpIymqHVKP36U0EyANJQTrduem5ogJ8owymFY9DMNKaF90oW2pZII0EE+DjzEx1aJcJwo+6TBY/XvRk6E1gMR2klBTE/PeyPxXy8UM5dzbaP1IJqLY+LrIGcyzQxIOkkTZxybBI8qwhFTQA0fWEKoYvZDmPaIItTYIou2KW++l0XSOKt4l5WL+/Ny9WbaWQEdoiN0gjx0haroDtVQHVEk0DN6RW/Oi/PufDifk9ElZ7pzgGbgfP0CMHqffg==</latexit>⌘, ⌫ : resistivity/viscosity

Hard to solve analytically -> Solve numerically and find the physics. 

(cosmic expansion is hidden in the “comoving” frame,               )<latexit sha1_base64="TQDUVpICe/1bV+/se5YMT+XagxM=">AAACPXicbVDLSgMxFM3UV62vqks3wSK4sc4UXxuh1I3LCvYBnbFkMpk2NMkMSUYow3yGX+PCjX6EH+BO3HZr+ljY1gOBwzn3knOPHzOqtG1/WrmV1bX1jfxmYWt7Z3evuH/QVFEiMWngiEWy7SNFGBWkoalmpB1LgrjPSMsf3I391jORikbiUQ9j4nHUEzSkGGkjdYvnqetzWMu6Lke6L3kaZ/AWoqf0rJLBRQ9nsFss2WV7ArhMnBkpgRnq3eLIDSKccCI0ZkipjmPH2kuR1BQzkhXcRJEY4QHqkY6hAnGivHRyWAZPjBLAMJLmCQ0n6t+NFHGlhtw3k+OIatEbi/96Pp/7OVUmWp8EC3F0eOOlVMSJJgJP04QJgzqC4yphQCXBmg0NQVhScxDEfSQR1qbwgmnKWexlmTQrZeeqfPlwUarWZp3lwRE4BqfAAdegCu5BHTQABi/gFbyDD+vN+rK+rZ/paM6a7RyCOVijXwDVrzI=</latexit>

Bp = a�2Bc
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hBi(k)i = 0
<latexit sha1_base64="OzEcoj9OuTqMD+60Y8Nue5Wwhew="></latexit>

hBi(k)Bj(k
0)i = (2⇡)3

⇣
(�ij � k̂ik̂j)S(k) + i✏ijkk̂kA(k)

⌘
�(k � k0)

<latexit sha1_base64="ZmX7Vvur3xDsokbUQE7hs/OYqEY=">AAACHnicbVC7TsMwFHV4lvIKMLJYVEjtUiUIBGOBhbEI+pDaqHKc29aqnQTbqVRF/RMGFvgUNsQKX8KK22agLUeydHTOvbrHx485U9pxvq2V1bX1jc3cVn57Z3dv3z44rKsokRRqNOKRbPpEAWch1DTTHJqxBCJ8Dg1/cDvxG0OQikXhox7F4AnSC1mXUaKN1LHt4kNxUMLtHjzha8NKHbvglJ0p8DJxM1JAGaod+6cdRDQREGrKiVIt14m1lxKpGeUwzrcTBTGhA9KDlqEhEaC8dJp8jE+NEuBuJM0LNZ6qfzdSIpQaCd9MCqL7atGbiP96vpi7nCoTrQ/BQhzdvfJSFsaJhpDO0nQTjnWEJ13hgEmgmo8MIVQy8yFM+0QSqk2jedOUu9jLMqmfld2LsnN/XqjcZJ3l0DE6QUXkoktUQXeoimqIoiF6Rq/ozXqx3q0P63M2umJlO0doDtbXL44xoQQ=</latexit>

(S(k) � A(k))

Set the configuration such that the spectrum satisfies 

Cosmological MHD (supposing a generation mechanism) 
=> homogeneous and isotropic magnetic (and velocity) fields
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Cosmological MHD (supposing a generation mechanism) 
=> homogeneous and isotropic magnetic (and velocity) fields
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(S(k) � A(k))

Set the configuration such that the spectrum satisfies 

3

FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

’17 Brandenburg & Kahniashvili
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A(k) = 0
<latexit sha1_base64="P1a2KPrdwkgN+l6MCyisiP0Qavw=">AAACFXicbVC7TsMwFL3hWcqrwMgSUSGVpUoQrwWpwMJYBH2gNqocx2mt2k5kO0hV1K9gYIFPYUOszHwJK26bgbYcydbROffKx8ePGVXacb6thcWl5ZXV3Fp+fWNza7uws1tXUSIxqeGIRbLpI0UYFaSmqWakGUuCuM9Iw+/fjPzGE5GKRuJBD2LicdQVNKQYaSM9XpX6R5f35uoUik7ZGcOeJ25GipCh2in8tIMIJ5wIjRlSquU6sfZSJDXFjAzz7USRGOE+6pKWoQJxorx0HHhoHxolsMNImiO0PVb/bqSIKzXgvpnkSPfUrDcS//V8PvVyqky0Hglm4ujwwkupiBNNBJ6kCRNm68geVWQHVBKs2cAQhCU1H7JxD0mEtSkyb5pyZ3uZJ/XjsntWPr07KVaus85ysA8HUAIXzqECt1CFGmDg8Ayv8Ga9WO/Wh/U5GV2wsp09mIL19QvGZZ6m</latexit>

A(k) = S(k)

Numerical simulation finds self-similar evolution of magnetic and velocity fields.

non-helical: maximally-helical:

<latexit sha1_base64="KmwOkF/NoZzKzb5OLa5OtbRqzfk=">AAACGXicbVDLSgMxFL3js9ZX1aWbYBHqpsyIr41QFMFlRfuAdiiZTNqGyWTGJCOUod/hwo1+ijtx68ovcWvazsK2HggczrmXe3K8mDOlbfvbWlhcWl5Zza3l1zc2t7YLO7t1FSWS0BqJeCSbHlaUM0FrmmlOm7GkOPQ4bXjB9chvPFGpWCQe9CCmboh7gnUZwdpI7k0pOEKXKED3hnQKRbtsj4HmiZORImSodgo/bT8iSUiFJhwr1XLsWLsplpoRTof5dqJojEmAe7RlqMAhVW46Dj1Eh0bxUTeS5gmNxurfjRSHSg1Cz0yGWPfVrDcS//W8cOpyqky0PvVn4ujuhZsyESeaCjJJ00040hEa1YR8JinRfGAIJpKZDyHSxxITbcrMm6ac2V7mSf247JyVT+9OipWrrLMc7MMBlMCBc6jALVShBgQe4Rle4c16sd6tD+tzMrpgZTt7MAXr6xe7zJ+d</latexit>

E(k) = kS(k)
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Maximally-helical magnetic fields
3

FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

’17 Brandenburg & Kahniashvili
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Maximally-helical magnetic fields
Evolution can be understood by the conservation of magnetic helicity 

3

FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

Magnetic helicity  
… difference between right- and left- 
circular polarization modes; describes twist 
and linkage of magnetic field lines

<latexit sha1_base64="tbsKYn66YlrA4TXlOhJEKHLGA9A="></latexit>

HY ' kpeakA(kpeak) ⇠ kpeakS(kpeak) ⇠ E(kpeak) = const.
’17 Brandenburg & Kahniashvili

(a) (b)

(c) (d)

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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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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Maximally-helical magnetic fields
Evolution can be understood by the conservation of magnetic helicity 

3

FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

Magnetic helicity  
… difference between right- and left- 
circular polarization modes; describes twist 
and linkage of magnetic field lines
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HY ' kpeakA(kpeak) ⇠ kpeakS(kpeak) ⇠ E(kpeak) = const.

Together with the time scale of the evolution, 
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kpeak / t�2/3

we obtain the scaling solution,

’17 Brandenburg & Kahniashvili

’04 Banerjee & Jedamzik, ’24 Uchida, KK+
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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
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FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward

q = 1/2; see Figs. 2(b) and (e). This is compatible with
the conservation of ⟨A2

2D⟩, where A2D is the component
of A which describes the 2D magnetic field in the plane

TABLE I: Scaling exponents and relation to physical invari-
ants and their dimensions.

β p q inv. dim.

4 10/7 ≈ 1.43 2/7 ≈ 0.286 L [x]7[t]−2

3 8/6 ≈ 1.33 2/6 ≈ 0.333

2 6/5 = 1.20 2/5 = 0.400

1 4/4 = 1.00 2/4 = 0.500 ⟨A2
2D⟩ [x]4[t]−2

0 2/3 ≈ 0.67 2/3 ≈ 0.667 ⟨A ·B⟩ [x]3[t]−2

−1 0/2 = 0.00 2/1 = 1.000

perpendicular to the local intermediate eigenvector of the
rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

’17 Brandenburg & Kahniashvili’17 Brandenburg & Kahniashvili
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trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
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(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).

FIG. 2: pq diagrams for cases (i)–(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

law with p = 6/5, corresponding to q = 2/5 and β = 2
has been favored by Saffman [29], while experiments and
simulations suggest p = 5/4 [26, 30].
In case (ii), the solution evolves along β = 1 toward
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rate-of-strain matrix S; see the supplemental material of
[23] for details, and also [31]. The motivation for apply-
ing 2D arguments to 3D comes from the fact that for
sufficiently strong magnetic fields the dynamics tends to
become locally 2D in the plane perpendicular to the lo-
cal field. This allows one to compute A in a gauge that
projects out contributions perpendicular to the interme-
diate eigenvector of S.

In case (iii) the solution evolves along β = 0 toward
q = 2/3; see Figs. 2(c) and (f). This means that the spec-
trum shifts just in k, while the amplitude of EM does not
change, as can be seen from Fig. 1(c). This is consistent
with the invariance of ⟨A ·B⟩; see Ref. [3].

Next, we investigate cases with α < 4. In the helical
case with α = 2 we see that the subinertial range spec-
trum quickly steepens and approaches α∗ = 4 ̸= α; see
Figs. 3(a)–(c). For α = −1, which is a scale-invariant
spectrum, the spectral energy remains nearly unchanged
at small k, but the magnetic energy still decays due to

Recently, new conserved quantity is found

and use it as finite, gauge-invariant, and conserved quantity for the case hhi = 0. Its gauge-
invariance and conservation are observed numerically in Ref. [36], where they identify IHV,W

as Hosking integral, by taking V to be the simulation box size and W to be a sufficiently
large volume. As is clear from the above discussion for the justification, Hosking integral IH
quantifies the local fluctuations of magnetic helicity from zero, as seen in Fig. 13.

Volume-filling factor

hV

�h� = 0 measured by IH
� B2�M

(a) (b)

Figure 13: (a) The probability distribution or the volume-filling factor of magnetic helicity
density. It fluctuates around the expectation value hhi. The deviation from hhi is typically of
the order of B2

⇠M, as shown in Eq. (C.30). When hhi = 0, Hosking integral IH has a physical
meaning that it measures the fluctuation. (b) Spatial distribution of magnetic helicity density.
Local structures such as links or anti-links contribute to positive or negative magnetic helicity
density in the local regions.

One can estimate the value of IH in terms of B and ⇠M [33]. Since the two-point function
of magnetic helicity density in the integrand of the expression (C.18) is essentially the four-
point function of the magnetic field, we can decompose it into products of two-point functions
of the magnetic field that are characterized by B and ⇠M if we assume quasi-Gaussianity in
the Fourier space [22]. By inserting volume averaging that does not affect ensemble averaging,
which is position-independent, we find an expression in the Fourier space,
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where V = (2⇡)2�3(k = 0) formally denotes the volume of the whole space. By assuming
quasi-Gaussianity and using isotropy, Eqs. (??) and (??), the integrand of Eq. (C.23) is
decomposed as

hAi(k)Bi(�k)Aj(p)Bj(�p)i = hAi(k)Bi(�k)ihAj(p)Bj(�p)i
+ hAi(k)Aj(p)ihBi(�k)Bj(�p)i
+ hAi(k)Bj(�p)ihBi(�k)Aj(p)i

– 52 –

’17 Brandenburg & KahniashviliHosking integral: ~ Two-point function of helicity
’21, ’22 Hosking & Schekochihin
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FIG. 1: EK(k, t) for different t in HD DNS (a), compared with EM (solid red) and EK (dashed blue) in MHD without helicity
(b), and with (c). Panels (d)–(f) show collapsed spectra using β = 3 (d), β = 1 (e), and β = 0 (f).
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CMB

blazar

baryon isocurvature
(A)-NH

(B)

(D)(A)

(A)-H, (B)-MH

(C)

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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No, in the hot early Universe, we need to take into account the 
chiral asymmetry.

Equilibrium temperature of Yukawa/sphalerons

(Figure from ’20 Domcke+)

Figure 2: Equilibration temperatures for individual SM interactions, TÆ. Each dashed line indicates the range from 10TÆ to

TÆ, within which one can expect non-trivial effects due to partial equilibration. The solid arrows (starting from the vertical

lines) indicate that the interactions are in equilibrium for T < TÆ. At the top of the figure, we also show the decoupling

temperature of lepton number violating interaction via the dimension five Weinberg operator as a vertical line, above which

it is in equilibrium [see Eq. (5.5))]. The dashed line starts from TÆ/10 in this case, as this interaction is weaker for lower

temperature.

where ∑WS ' 24 for T = 1012 GeV.\16 Comparing the rate per unit time, ∞WS
P

i (nWS
i )2/gi = 36°WS/T 3, to

the Hubble parameter, one may estimate the equilibration temperature as

TWS ' 2.5£1012 GeV. (3.12)

Strong sphaleron. The strong sphaleron involves both left- and right-handed quarks, which are charged

under SU(3)C. The charge vector, nSS
i , is given so that

X

i
nSS

i µi =
X

f

≥
2µQ f °µu f °µd f

¥
. (3.13)

Substituting m2
D = 2g 2

3 T 2 into Eq. (3.8), we can estimate the rate per unit time-volume as

°SS =
∑SS

2
Æ5

3T 4 , (3.14)

where ∑SS ' 2.7£102 for T = 1013 GeV. Comparing the rate per unit time, ∞SS
P

i (nSS
i )2/gi = 24°SS/T 3,

to the Hubble parameter, we get the equilibration temperature:

TSS ' 2.8£1013 GeV. (3.15)
\16 This sphaleron rate is about 1.3 times larger than the one reported in Ref. [34]. If one use the latter rate, TWS is estimated

as 1.9£1012 GeV.
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Is it complete to describe the magnetic field evolution in the early Universe?

Yukawa interaction is ineffective 
= approximate conserved quantity 
=> Chirality !

time

<latexit sha1_base64="bmWzr9Mh5KsU8Vcy6barXacdxg0="></latexit>

µY
5 =

X

i

✏iciy
2
i µi

Another dynamical DOF for MHD.
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<latexit sha1_base64="yQ+gkIJDZVSIf9Xh6tXRwERlKrk=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDMi1WXRjcsKfUE7lkwm04ZmkpBkCmXon7hwo5/iTtzql7g1bWdhWw8EDufcyz05oWRUG8/7dtbWNza3tgs7xd29/YND9+i4qUWqMGlgwYRqh0gTRjlpGGoYaUtFUBIy0gqH91O/NSJKU8HrZixJkKA+pzHFyFip57oGdqUS0ghYf8ou/UnPLXllbwa4SvyclECOWs/96UYCpwnhBjOkdcf3pAkypAzFjEyK3VQTifAQ9UnHUo4SooNslnwCz60SwVgo+7iBM/XvRoYSrcdJaCcTZAZ62ZuK/3phsnA50zbagERLcUx8G2SUy9QQjudp4pRBW8a0KxhRRbBhY0sQVtR+COIBUggb22jRNuUv97JKmldlv1KuPF6Xqnd5ZwVwCs7ABfDBDaiCB1ADDYDBCDyDV/DmvDjvzofzOR9dc/KdE7AA5+sXJFCikQ==</latexit>

t / T�1



Slide Background Courtesy: H. Oide

In the presence of chirality,  
we are interested in the chiral magnetic effect. 
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<latexit sha1_base64="MY/WAP1v5dxlXrUwfFBrkzV3aQo="></latexit>

j =
2↵

⇡
µ5B



Slide Background Courtesy: H. Oide

MHD equations
The dynamical degrees of freedom: 

Magnetic field:        ,   Plasma velocity:      ,   Energy density: <latexit sha1_base64="TmACdb8IfAw84Z/zxMz9M9oY+PU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCrviqwzaWEYwD0iWMDt7kwyZ2V1mZoWw5CMsbPRT7MTWD/BLbJ0kW5jogYHDOfdyz5wgEVwb1/1yCiura+sbxc3S1vbO7l55/6Cp41QxbLBYxKodUI2CR9gw3AhsJwqpDAS2gtHt1G89otI8jh7MOEFf0kHE+5xRY6VW1g0kSSe9csWtujOQv8TLSQVy1Hvl724Ys1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkZUovazWdwJObFKSPqxsi8yZKb+3sio1HosAzspqRnqZW8q/usFcuFypm20IYZLcUz/2s94lKQGIzZP008FMTGZFkRCrpAZMbaEMsXthwgbUkWZsTWWbFPeci9/SfOs6l1WL+7PK7WbvLMiHMExnIIHV1CDO6hDAxiM4Ale4NV5dt6cd+djPlpw8p1DWIDz+QMzqp8B</latexit>u
<latexit sha1_base64="wGy7FNHeaffTcfpfQY+sZ6Bl9Z4=">AAACEHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymQybYbOI8xMhBL6Cy7c6Ke4E7f+gV/i1kmbhW09MHA4517umRMmjGrjed9OaWV1bX2jvFnZ2t7Z3avuH7S1TBUmLSyZVJ0QacKoIC1DDSOdRBHEQ0Yew9Ft7j8+EaWpFA9mnJCAo6GgA4qRyaWeimW/WvPq3hTuMvELUoMCzX71pxdJnHIiDGZI667vJSbIkDIUMzKp9FJNEoRHaEi6lgrEiQ6yadaJe2KVyB1IZZ8w7lT9u5EhrvWYh3aSIxPrRS8X//VCPnc50zZaTKKFOGZwHWRUJKkhAs/SDFLmGunm7bgRVQQbNrYEYUXth1wcI4WwsR1WbFP+Yi/LpH1W9y/rF/fntcZN0VkZjuAYTsGHK2jAHTShBRhieIZXeHNenHfnw/mcjZacYucQ5uB8/QL17Z3Q</latexit>⇢

Maxwell eq. : 

Navier-Stokes eq. :

Continuity eq. :

<latexit sha1_base64="Kn/32iT0SD+GAKGMQg3I5OcziLM="></latexit>

@B

@t
= r⇥ [u⇥B � ⌘J ], J = r⇥B,

⇢
Du

Dt
= (r⇥B)⇥B �rp+r · (2⌫⇢S) + ⇢f

D⇢

Dt
= �⇢r · u

<latexit sha1_base64="8TVMNkgIkyHvCMXWgDMNuaiASm0=">AAACE3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WWpG5cV7APaoWQyd9rQJDMkGaEM/QgXbvRT3IlbP8AvcWvazsK2HggczrmXe3KChDNtXPfbKWxsbm3vFHdLe/sHh0fl45O2jlNFoUVjHqtuQDRwJqFlmOHQTRQQEXDoBOO7md95AqVZLB/NJAFfkKFkEaPEWKmT9QOBG9NBueJW3TnwOvFyUkE5moPyTz+MaSpAGsqJ1j3PTYyfEWUY5TAt9VMNCaFjMoSepZII0H42jzvFF1YJcRQr+6TBc/XvRkaE1hMR2ElBzEivejPxXy8QS5czbaONIFyJY6JbP2MySQ1IukgTpRybGM8KwiFTQA2fWEKoYvZDmI6IItTYGku2KW+1l3XSvqp6tWrt4bpSb+SdFdEZOkeXyEM3qI7uURO1EEVj9Ixe0Zvz4rw7H87nYrTg5DunaAnO1y/fD57P</latexit>

B

<latexit sha1_base64="2CgYY3639k8qm9TebJmwXeJrKtI="></latexit>

Sij ⌘
1

2
(@jui + @iuj)�

1

3
�ijr · u

<latexit sha1_base64="4tdWfLTwgZBvr1Bx+vIql7Cqzb0=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwVWbE10YodSOuKtgHdIaSSTNtaJIZkoxQhtn6NS7c6KcILsStf+DWtDMLWz0QODn3Xu65J4gZVdpx3q3S0vLK6lp5vbKxubW9Y+/utVWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtfTeueBSEUjca8nMfE5GgoaUoy0kfo2TL2AwzCDVzm7zaCnKScq/zayvl11as4M8C9xC1IFBZp9+9sbRDjhRGjMkFI914m1nyKpKWYkq3iJIjHCYzQkPUMFMsv8dHZJBo+MMoBhJM0TGs7U3xMp4kpNeGA6OdIjtVibiv/WAj63OVXG2ogMFuzo8NJPqYgTTQTO3YQJgzqC0+zggEqCNZsYgrCk5iCIR0girE3CFZOUu5jLX9I+qbnntbO702q9UWRWBgfgEBwDF1yAOrgBTdACGDyCJ/ACXq1n6836sD7z1pJVzOyDOVhfP6PmqGo=</latexit>

f = J ⇥B
<latexit sha1_base64="TiIx1KFXwHy5WGRIn5D85cBNC/M=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmbE17LoxmUF+5DOUDKZO21okhmSjFCGfoULN/op7sSta7/EreljYVsPBA7n3Ms9OWHKmTau++0sLa+srq0XNoqbW9s7u6W9/YZOMkWhThOeqFZINHAmoW6Y4dBKFRARcmiG/duR33wCpVkiH8wghUCQrmQxo8RY6dEHQ06xL7NOqexW3DHwIvGmpIymqHVKP36U0EyANJQTrduem5ogJ8owymFY9DMNKaF90oW2pZII0EE+DjzEx1aJcJwo+6TBY/XvRk6E1gMR2klBTE/PeyPxXy8UM5dzbaP1IJqLY+LrIGcyzQxIOkkTZxybBI8qwhFTQA0fWEKoYvZDmPaIItTYIou2KW++l0XSOKt4l5WL+/Ny9WbaWQEdoiN0gjx0haroDtVQHVEk0DN6RW/Oi/PufDifk9ElZ7pzgGbgfP0CMHqffg==</latexit>⌘, ⌫ : resistivity/viscosity
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Slide Background Courtesy: H. Oide

MHD equations are extended to chiral MHD
The dynamical degrees of freedom: 

Magnetic field:        ,   Plasma velocity:      ,   Energy density:     ,   Chirality: <latexit sha1_base64="TmACdb8IfAw84Z/zxMz9M9oY+PU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCrviqwzaWEYwD0iWMDt7kwyZ2V1mZoWw5CMsbPRT7MTWD/BLbJ0kW5jogYHDOfdyz5wgEVwb1/1yCiura+sbxc3S1vbO7l55/6Cp41QxbLBYxKodUI2CR9gw3AhsJwqpDAS2gtHt1G89otI8jh7MOEFf0kHE+5xRY6VW1g0kSSe9csWtujOQv8TLSQVy1Hvl724Ys1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkZUovazWdwJObFKSPqxsi8yZKb+3sio1HosAzspqRnqZW8q/usFcuFypm20IYZLcUz/2s94lKQGIzZP008FMTGZFkRCrpAZMbaEMsXthwgbUkWZsTWWbFPeci9/SfOs6l1WL+7PK7WbvLMiHMExnIIHV1CDO6hDAxiM4Ale4NV5dt6cd+djPlpw8p1DWIDz+QMzqp8B</latexit>u
<latexit sha1_base64="wGy7FNHeaffTcfpfQY+sZ6Bl9Z4=">AAACEHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymQybYbOI8xMhBL6Cy7c6Ke4E7f+gV/i1kmbhW09MHA4517umRMmjGrjed9OaWV1bX2jvFnZ2t7Z3avuH7S1TBUmLSyZVJ0QacKoIC1DDSOdRBHEQ0Yew9Ft7j8+EaWpFA9mnJCAo6GgA4qRyaWeimW/WvPq3hTuMvELUoMCzX71pxdJnHIiDGZI667vJSbIkDIUMzKp9FJNEoRHaEi6lgrEiQ6yadaJe2KVyB1IZZ8w7lT9u5EhrvWYh3aSIxPrRS8X//VCPnc50zZaTKKFOGZwHWRUJKkhAs/SDFLmGunm7bgRVQQbNrYEYUXth1wcI4WwsR1WbFP+Yi/LpH1W9y/rF/fntcZN0VkZjuAYTsGHK2jAHTShBRhieIZXeHNenHfnw/mcjZacYucQ5uB8/QL17Z3Q</latexit>⇢

Maxwell eq. : 

Navier-Stokes eq. :

Continuity eq. :

<latexit sha1_base64="2CgYY3639k8qm9TebJmwXeJrKtI="></latexit>

Sij ⌘
1

2
(@jui + @iuj)�

1

3
�ijr · u

<latexit sha1_base64="4tdWfLTwgZBvr1Bx+vIql7Cqzb0=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwVWbE10YodSOuKtgHdIaSSTNtaJIZkoxQhtn6NS7c6KcILsStf+DWtDMLWz0QODn3Xu65J4gZVdpx3q3S0vLK6lp5vbKxubW9Y+/utVWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtfTeueBSEUjca8nMfE5GgoaUoy0kfo2TL2AwzCDVzm7zaCnKScq/zayvl11as4M8C9xC1IFBZp9+9sbRDjhRGjMkFI914m1nyKpKWYkq3iJIjHCYzQkPUMFMsv8dHZJBo+MMoBhJM0TGs7U3xMp4kpNeGA6OdIjtVibiv/WAj63OVXG2ogMFuzo8NJPqYgTTQTO3YQJgzqC0+zggEqCNZsYgrCk5iCIR0girE3CFZOUu5jLX9I+qbnntbO702q9UWRWBgfgEBwDF1yAOrgBTdACGDyCJ/ACXq1n6836sD7z1pJVzOyDOVhfP6PmqGo=</latexit>

f = J ⇥B
<latexit sha1_base64="TiIx1KFXwHy5WGRIn5D85cBNC/M=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmbE17LoxmUF+5DOUDKZO21okhmSjFCGfoULN/op7sSta7/EreljYVsPBA7n3Ms9OWHKmTau++0sLa+srq0XNoqbW9s7u6W9/YZOMkWhThOeqFZINHAmoW6Y4dBKFRARcmiG/duR33wCpVkiH8wghUCQrmQxo8RY6dEHQ06xL7NOqexW3DHwIvGmpIymqHVKP36U0EyANJQTrduem5ogJ8owymFY9DMNKaF90oW2pZII0EE+DjzEx1aJcJwo+6TBY/XvRk6E1gMR2klBTE/PeyPxXy8UM5dzbaP1IJqLY+LrIGcyzQxIOkkTZxybBI8qwhFTQA0fWEKoYvZDmPaIItTYIou2KW++l0XSOKt4l5WL+/Ny9WbaWQEdoiN0gjx0haroDtVQHVEk0DN6RW/Oi/PufDifk9ElZ7pzgGbgfP0CMHqffg==</latexit>⌘, ⌫ : resistivity/viscosity

<latexit sha1_base64="8TVMNkgIkyHvCMXWgDMNuaiASm0=">AAACE3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WWpG5cV7APaoWQyd9rQJDMkGaEM/QgXbvRT3IlbP8AvcWvazsK2HggczrmXe3KChDNtXPfbKWxsbm3vFHdLe/sHh0fl45O2jlNFoUVjHqtuQDRwJqFlmOHQTRQQEXDoBOO7md95AqVZLB/NJAFfkKFkEaPEWKmT9QOBG9NBueJW3TnwOvFyUkE5moPyTz+MaSpAGsqJ1j3PTYyfEWUY5TAt9VMNCaFjMoSepZII0H42jzvFF1YJcRQr+6TBc/XvRkaE1hMR2ElBzEivejPxXy8QS5czbaONIFyJY6JbP2MySQ1IukgTpRybGM8KwiFTQA2fWEKoYvZDmI6IItTYGku2KW+1l3XSvqp6tWrt4bpSb+SdFdEZOkeXyEM3qI7uURO1EEVj9Ixe0Zvz4rw7H87nYrTg5DunaAnO1y/fD57P</latexit>

B
<latexit sha1_base64="Bka+q4yHVNl3C+snMLneRcDseok=">AAACEXicbVDLTgIxFO3gC/GFunTTSExckRmj6JLoxiUmDpDAhHQ6F2hoO5O2Y0ImfIMLN/op7oxbv8AvcWuBWQh4kiYn59ybe3rChDNtXPfbKaytb2xuFbdLO7t7+wflw6OmjlNFwacxj1U7JBo4k+AbZji0EwVEhBxa4ehu6reeQGkWy0czTiAQZCBZn1FirOR3Rdq76pUrbtWdAa8SLycVlKPRK/90o5imAqShnGjd8dzEBBlRhlEOk1I31ZAQOiID6FgqiQAdZLOwE3xmlQj3Y2WfNHim/t3IiNB6LEI7KYgZ6mVvKv7rhWLhcqZttCFES3FM/ybImExSA5LO0/RTjk2Mp/XgiCmgho8tIVQx+yFMh0QRamyJJduUt9zLKmleVL1atfZwWanf5p0V0Qk6RefIQ9eoju5RA/mIIoae0St6c16cd+fD+ZyPFpx85xgtwPn6BWeyngg=</latexit>µ5

Anomaly eq.:

<latexit sha1_base64="o2U0cn0YtIpQhwLDZxElz/b+nYk="></latexit>

@B

@t
= r⇥ [u⇥B � ⌘(J � Cµ5B)], J = r⇥B,

⇢
Du

Dt
= (r⇥B)⇥B �rp+r · (2⌫⇢S) + ⇢f

D⇢

Dt
= �⇢r · u

Dµ5

Dt
= D5r2µ5 + �⌘[B · (r⇥B)� Cµ5B

2]

<latexit sha1_base64="vkQU7JQDPmjP4p+AsaTLNaQ/qT0="></latexit>

C ⇠ g2

2⇡
, � ⇠ 6C

T 2
,

✓
n5 ' µ5T 2

3

◆
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MHD equations are extended to chiral MHD
The dynamical degrees of freedom: 

Magnetic field:        ,   Plasma velocity:      ,   Energy density:     ,   Chirality: <latexit sha1_base64="TmACdb8IfAw84Z/zxMz9M9oY+PU=">AAACE3icbVC7SgNBFL0bXzG+opY2g0GwCrviqwzaWEYwD0iWMDt7kwyZ2V1mZoWw5CMsbPRT7MTWD/BLbJ0kW5jogYHDOfdyz5wgEVwb1/1yCiura+sbxc3S1vbO7l55/6Cp41QxbLBYxKodUI2CR9gw3AhsJwqpDAS2gtHt1G89otI8jh7MOEFf0kHE+5xRY6VW1g0kSSe9csWtujOQv8TLSQVy1Hvl724Ys1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkZUovazWdwJObFKSPqxsi8yZKb+3sio1HosAzspqRnqZW8q/usFcuFypm20IYZLcUz/2s94lKQGIzZP008FMTGZFkRCrpAZMbaEMsXthwgbUkWZsTWWbFPeci9/SfOs6l1WL+7PK7WbvLMiHMExnIIHV1CDO6hDAxiM4Ale4NV5dt6cd+djPlpw8p1DWIDz+QMzqp8B</latexit>u
<latexit sha1_base64="wGy7FNHeaffTcfpfQY+sZ6Bl9Z4=">AAACEHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymQybYbOI8xMhBL6Cy7c6Ke4E7f+gV/i1kmbhW09MHA4517umRMmjGrjed9OaWV1bX2jvFnZ2t7Z3avuH7S1TBUmLSyZVJ0QacKoIC1DDSOdRBHEQ0Yew9Ft7j8+EaWpFA9mnJCAo6GgA4qRyaWeimW/WvPq3hTuMvELUoMCzX71pxdJnHIiDGZI667vJSbIkDIUMzKp9FJNEoRHaEi6lgrEiQ6yadaJe2KVyB1IZZ8w7lT9u5EhrvWYh3aSIxPrRS8X//VCPnc50zZaTKKFOGZwHWRUJKkhAs/SDFLmGunm7bgRVQQbNrYEYUXth1wcI4WwsR1WbFP+Yi/LpH1W9y/rF/fntcZN0VkZjuAYTsGHK2jAHTShBRhieIZXeHNenHfnw/mcjZacYucQ5uB8/QL17Z3Q</latexit>⇢

Maxwell eq. : 

Navier-Stokes eq. :

Continuity eq. :

<latexit sha1_base64="2CgYY3639k8qm9TebJmwXeJrKtI="></latexit>

Sij ⌘
1

2
(@jui + @iuj)�

1

3
�ijr · u

<latexit sha1_base64="4tdWfLTwgZBvr1Bx+vIql7Cqzb0=">AAACLnicbVDLSgMxFM3UV62vUZdugkVwVWbE10YodSOuKtgHdIaSSTNtaJIZkoxQhtn6NS7c6KcILsStf+DWtDMLWz0QODn3Xu65J4gZVdpx3q3S0vLK6lp5vbKxubW9Y+/utVWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtfTeueBSEUjca8nMfE5GgoaUoy0kfo2TL2AwzCDVzm7zaCnKScq/zayvl11as4M8C9xC1IFBZp9+9sbRDjhRGjMkFI914m1nyKpKWYkq3iJIjHCYzQkPUMFMsv8dHZJBo+MMoBhJM0TGs7U3xMp4kpNeGA6OdIjtVibiv/WAj63OVXG2ogMFuzo8NJPqYgTTQTO3YQJgzqC0+zggEqCNZsYgrCk5iCIR0girE3CFZOUu5jLX9I+qbnntbO702q9UWRWBgfgEBwDF1yAOrgBTdACGDyCJ/ACXq1n6836sD7z1pJVzOyDOVhfP6PmqGo=</latexit>

f = J ⇥B
<latexit sha1_base64="TiIx1KFXwHy5WGRIn5D85cBNC/M=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmbE17LoxmUF+5DOUDKZO21okhmSjFCGfoULN/op7sSta7/EreljYVsPBA7n3Ms9OWHKmTau++0sLa+srq0XNoqbW9s7u6W9/YZOMkWhThOeqFZINHAmoW6Y4dBKFRARcmiG/duR33wCpVkiH8wghUCQrmQxo8RY6dEHQ06xL7NOqexW3DHwIvGmpIymqHVKP36U0EyANJQTrduem5ogJ8owymFY9DMNKaF90oW2pZII0EE+DjzEx1aJcJwo+6TBY/XvRk6E1gMR2klBTE/PeyPxXy8UM5dzbaP1IJqLY+LrIGcyzQxIOkkTZxybBI8qwhFTQA0fWEKoYvZDmPaIItTYIou2KW++l0XSOKt4l5WL+/Ny9WbaWQEdoiN0gjx0haroDtVQHVEk0DN6RW/Oi/PufDifk9ElZ7pzgGbgfP0CMHqffg==</latexit>⌘, ⌫ : resistivity/viscosity

<latexit sha1_base64="8TVMNkgIkyHvCMXWgDMNuaiASm0=">AAACE3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WWpG5cV7APaoWQyd9rQJDMkGaEM/QgXbvRT3IlbP8AvcWvazsK2HggczrmXe3KChDNtXPfbKWxsbm3vFHdLe/sHh0fl45O2jlNFoUVjHqtuQDRwJqFlmOHQTRQQEXDoBOO7md95AqVZLB/NJAFfkKFkEaPEWKmT9QOBG9NBueJW3TnwOvFyUkE5moPyTz+MaSpAGsqJ1j3PTYyfEWUY5TAt9VMNCaFjMoSepZII0H42jzvFF1YJcRQr+6TBc/XvRkaE1hMR2ElBzEivejPxXy8QS5czbaONIFyJY6JbP2MySQ1IukgTpRybGM8KwiFTQA2fWEKoYvZDmI6IItTYGku2KW+1l3XSvqp6tWrt4bpSb+SdFdEZOkeXyEM3qI7uURO1EEVj9Ixe0Zvz4rw7H87nYrTg5DunaAnO1y/fD57P</latexit>

B
<latexit sha1_base64="Bka+q4yHVNl3C+snMLneRcDseok=">AAACEXicbVDLTgIxFO3gC/GFunTTSExckRmj6JLoxiUmDpDAhHQ6F2hoO5O2Y0ImfIMLN/op7oxbv8AvcWuBWQh4kiYn59ybe3rChDNtXPfbKaytb2xuFbdLO7t7+wflw6OmjlNFwacxj1U7JBo4k+AbZji0EwVEhBxa4ehu6reeQGkWy0czTiAQZCBZn1FirOR3Rdq76pUrbtWdAa8SLycVlKPRK/90o5imAqShnGjd8dzEBBlRhlEOk1I31ZAQOiID6FgqiQAdZLOwE3xmlQj3Y2WfNHim/t3IiNB6LEI7KYgZ6mVvKv7rhWLhcqZttCFES3FM/ybImExSA5LO0/RTjk2Mp/XgiCmgho8tIVQx+yFMh0QRamyJJduUt9zLKmleVL1atfZwWanf5p0V0Qk6RefIQ9eoju5RA/mIIoae0St6c16cd+fD+ZyPFpx85xgtwPn6BWeyngg=</latexit>µ5

Anomaly eq.:

<latexit sha1_base64="o2U0cn0YtIpQhwLDZxElz/b+nYk="></latexit>

@B

@t
= r⇥ [u⇥B � ⌘(J � Cµ5B)], J = r⇥B,

⇢
Du

Dt
= (r⇥B)⇥B �rp+r · (2⌫⇢S) + ⇢f

D⇢

Dt
= �⇢r · u

Dµ5

Dt
= D5r2µ5 + �⌘[B · (r⇥B)� Cµ5B

2]

<latexit sha1_base64="vkQU7JQDPmjP4p+AsaTLNaQ/qT0="></latexit>

C ⇠ g2

2⇡
, � ⇠ 6C

T 2
,

✓
n5 ' µ5T 2

3

◆More non-trivial evolution 
is expected. 
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Slide Background Courtesy: H. Oide

Application of chiral MHD in the early Universe
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Slide Background Courtesy: H. Oide

Chiral plasma instability in the early Universe
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Slide Background Courtesy: H. Oide

Chiral plasma instability
Maxwell’s equation in the momentum space: 

<latexit sha1_base64="IwymlQiRO37vjTbG5TKGir9ArQs="></latexit>

dB±
k

dt
= ⌘

�
�k2B±

k

�
+

�
r⇥ (v ⇥B±)

�
k

<latexit sha1_base64="XjgNsBzXEndcZbv6uqxpg/prYCU="></latexit>

±Cµ5kB
±
k
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Slide Background Courtesy: H. Oide

Chiral plasma instability
Maxwell’s equation in the momentum space: 

<latexit sha1_base64="IwymlQiRO37vjTbG5TKGir9ArQs="></latexit>

dB±
k

dt
= ⌘

�
�k2B±

k

�
+

�
r⇥ (v ⇥B±)

�
k

<latexit sha1_base64="XjgNsBzXEndcZbv6uqxpg/prYCU="></latexit>

±Cµ5kB
±
k

=> one helicity mode feels instability 
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Slide Background Courtesy: H. Oide

Chiral plasma instability
Maxwell’s equation in the momentum space: 

<latexit sha1_base64="IwymlQiRO37vjTbG5TKGir9ArQs="></latexit>

dB±
k

dt
= ⌘

�
�k2B±

k

�
+

�
r⇥ (v ⇥B±)

�
k

<latexit sha1_base64="XjgNsBzXEndcZbv6uqxpg/prYCU="></latexit>

±Cµ5kB
±
k

=> one helicity mode feels instability 

If     is negligibly small and      is kept constant,  one helicity mode of (hyper)MF  
(depending on the sign of     ) feels instability at                       as                       (for         )

v
<latexit sha1_base64="eikNRLH7nHDtVVzWWIeQwaLyaXk=">AAACEnicbVC7SgNBFL3rM66vqKXNYBCswsZGLcSgjWUE1wSSJczOziZDZmaXmdlAWAL+goWNfoqVWNj4A36JrZNHYRIPDBzOuZd75oQpZ9p43reztLyyurZe2HA3t7Z3dot7+w86yRShPkl4ohoh1pQzSX3DDKeNVFEsQk7rYe9m5Nf7VGmWyHszSGkgcEeymBFsrFTPW6FA/WG7WPLK3hhokVSmpHT16V4+AkCtXfxpRQnJBJWGcKx1s+KlJsixMoxwOnRbmaYpJj3coU1LJRZUB/k47hAdWyVCcaLskwaN1b8bORZaD0RoJwU2XT3vjcR/vVDMXM61jdal0VwcE58HOZNpZqgkkzRxxpFJ0KggFDFFieEDSzBRzH4IkS5WmBhbo2ubqsz3skj80/JF2bvzStVrmKAAh3AEJ1CBM6jCLdTABwI9eIIXeHWenTfn3fmYjC45050DmIHz9Qs956CU</latexit><latexit sha1_base64="WhXTQ5GHO7jdIQ296e9rzq+WC8Y=">AAACEnicbVC7TsMwFHXKq4RXgZHFokJiqhIWYEBUsDAWidBKbVQ5zk1r1U4i26lURf0IBhYY+QwmxMDCjvgSVtzHQFuOZOnonHt1j0+Qcqa043xbhaXlldW14rq9sbm1vVPa3btXSSYpeDThiWwERAFnMXiaaQ6NVAIRAYd60Lse+fU+SMWS+E4PUvAF6cQsYpRoI9XzViBwf9gulZ2KMwZeJO6UlC8/7Iv05cuutUs/rTChmYBYU06UarpOqv2cSM0oh6HdyhSkhPZIB5qGxkSA8vNx3CE+MkqIo0SaF2s8Vv9u5EQoNRCBmRREd9W8NxL/9QIxczlXJloXwrk4OjrzcxanmYaYTtJEGcc6waOCcMgkUM0HhhAqmfkQpl0iCdWmRts05c73ski8k8p5xbl1ytUrNEERHaBDdIxcdIqq6AbVkIco6qEH9ISerUfr1Xqz3iejBWu6s49mYH3+AmPGogg=</latexit><latexit sha1_base64="WhXTQ5GHO7jdIQ296e9rzq+WC8Y=">AAACEnicbVC7TsMwFHXKq4RXgZHFokJiqhIWYEBUsDAWidBKbVQ5zk1r1U4i26lURf0IBhYY+QwmxMDCjvgSVtzHQFuOZOnonHt1j0+Qcqa043xbhaXlldW14rq9sbm1vVPa3btXSSYpeDThiWwERAFnMXiaaQ6NVAIRAYd60Lse+fU+SMWS+E4PUvAF6cQsYpRoI9XzViBwf9gulZ2KMwZeJO6UlC8/7Iv05cuutUs/rTChmYBYU06UarpOqv2cSM0oh6HdyhSkhPZIB5qGxkSA8vNx3CE+MkqIo0SaF2s8Vv9u5EQoNRCBmRREd9W8NxL/9QIxczlXJloXwrk4OjrzcxanmYaYTtJEGcc6waOCcMgkUM0HhhAqmfkQpl0iCdWmRts05c73ski8k8p5xbl1ytUrNEERHaBDdIxcdIqq6AbVkIco6qEH9ISerUfr1Xqz3iejBWu6s49mYH3+AmPGogg=</latexit>

µY
5

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

µY
5

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

(’97 Joyce&Shaposhnikov)

k � kc �
�Y µY

5

�
<latexit sha1_base64="XGW5yHlY/U7LsBHXvjW8Fc2vycg="></latexit><latexit sha1_base64="DmLMAVFmuPcnMgfit1/xJQVOoTw="></latexit><latexit sha1_base64="DmLMAVFmuPcnMgfit1/xJQVOoTw="></latexit>

B+
Y � exp

�
k2

c

�Y
�

�

<latexit sha1_base64="JBLNc5NTtnT8Gra/0JtEyg1LqNQ="></latexit><latexit sha1_base64="hCFF6Tpb3QX6C9n/Exc0NM+EQC4="></latexit><latexit sha1_base64="hCFF6Tpb3QX6C9n/Exc0NM+EQC4="></latexit>

µY
5 > 0

<latexit sha1_base64="9bZj0G1/Fo/DAYg/uO0M55xljOM=">AAACFHicbVC7SgNBFL0bXzG+opY2S4KQKuwKojYStLGM4JqEZA2zs7PJkJnZZWZWCEu+wsJGP8VKbO0FC//C1smjMNEDA4dz7uWeOUHCqNKO82HllpZXVtfy64WNza3tneLu3q2KU4mJh2MWy2aAFGFUEE9TzUgzkQTxgJFGMLgc+417IhWNxY0eJsTnqCdoRDHSRmp1eNo9vmudO91i2ak6E9h/iTsj5Vqp8vkFAPVu8bsTxjjlRGjMkFJt10m0nyGpKWZkVOikiiQID1CPtA0ViBPlZ5PAI/vQKKEdxdI8oe2J+nsjQ1ypIQ/MJEe6rxa9sfivF/C5y5ky0fokXIijo1M/oyJJNRF4miZKma1je1yRHVJJsGZDQxCW1HzIxn0kEdamyIJpyl3s5S/xjqpnVefaNHYBU+ThAEpQARdOoAZXUAcPMHB4gCd4th6tF+vVepuO5qzZzj7MwXr/AaZ7oV8=</latexit><latexit sha1_base64="R4EVgeGKeqidEavxt6Q8Uqqo56k=">AAACFHicbVDLSgMxFM3UV62vqks3oUXoqswIUt1I0Y3LCo5taceSyWTa0CQzJBmhDP0KFy7UT3ElLty4F/0Pt6aPhW09EDiccy/35Pgxo0rb9qeVWVpeWV3Lruc2Nre2d/K7ezcqSiQmLo5YJBs+UoRRQVxNNSONWBLEfUbqfv9i5NfviFQ0Etd6EBOPo66gIcVIG6nZ5knn+LZ5ZnfyRbtsjwEXiTMlxWqh9P1VeX+sdfI/7SDCCSdCY4aUajl2rL0USU0xI8NcO1EkRriPuqRlqECcKC8dBx7CQ6MEMIykeULDsfp3I0VcqQH3zSRHuqfmvZH4r+fzmcupMtF6JJiLo8MTL6UiTjQReJImTBjUERxVBAMqCdZsYAjCkpoPQdxDEmFtisyZppz5XhaJe1Q+LdtXprFzMEEWHIACKAEHVEAVXIIacAEGHNyDJ/BsPVgv1qv1NhnNWNOdfTAD6+MX/aei9Q==</latexit><latexit sha1_base64="R4EVgeGKeqidEavxt6Q8Uqqo56k=">AAACFHicbVDLSgMxFM3UV62vqks3oUXoqswIUt1I0Y3LCo5taceSyWTa0CQzJBmhDP0KFy7UT3ElLty4F/0Pt6aPhW09EDiccy/35Pgxo0rb9qeVWVpeWV3Lruc2Nre2d/K7ezcqSiQmLo5YJBs+UoRRQVxNNSONWBLEfUbqfv9i5NfviFQ0Etd6EBOPo66gIcVIG6nZ5knn+LZ5ZnfyRbtsjwEXiTMlxWqh9P1VeX+sdfI/7SDCCSdCY4aUajl2rL0USU0xI8NcO1EkRriPuqRlqECcKC8dBx7CQ6MEMIykeULDsfp3I0VcqQH3zSRHuqfmvZH4r+fzmcupMtF6JJiLo8MTL6UiTjQReJImTBjUERxVBAMqCdZsYAjCkpoPQdxDEmFtisyZppz5XhaJe1Q+LdtXprFzMEEWHIACKAEHVEAVXIIacAEGHNyDJ/BsPVgv1qv1NhnNWNOdfTAD6+MX/aei9Q==</latexit>

Maximally helical (hyper)MFs will be strongly amplified! 
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Slide Background Courtesy: H. Oide

Chiral plasma instability
Maxwell’s equation in the momentum space: 

<latexit sha1_base64="IwymlQiRO37vjTbG5TKGir9ArQs="></latexit>

dB±
k

dt
= ⌘

�
�k2B±

k

�
+

�
r⇥ (v ⇥B±)

�
k

<latexit sha1_base64="XjgNsBzXEndcZbv6uqxpg/prYCU="></latexit>

±Cµ5kB
±
k

=> one helicity mode feels instability 

If     is negligibly small and      is kept constant,  one helicity mode of (hyper)MF  
(depending on the sign of     ) feels instability at                       as                       (for         )

v
<latexit sha1_base64="eikNRLH7nHDtVVzWWIeQwaLyaXk=">AAACEnicbVC7SgNBFL3rM66vqKXNYBCswsZGLcSgjWUE1wSSJczOziZDZmaXmdlAWAL+goWNfoqVWNj4A36JrZNHYRIPDBzOuZd75oQpZ9p43reztLyyurZe2HA3t7Z3dot7+w86yRShPkl4ohoh1pQzSX3DDKeNVFEsQk7rYe9m5Nf7VGmWyHszSGkgcEeymBFsrFTPW6FA/WG7WPLK3hhokVSmpHT16V4+AkCtXfxpRQnJBJWGcKx1s+KlJsixMoxwOnRbmaYpJj3coU1LJRZUB/k47hAdWyVCcaLskwaN1b8bORZaD0RoJwU2XT3vjcR/vVDMXM61jdal0VwcE58HOZNpZqgkkzRxxpFJ0KggFDFFieEDSzBRzH4IkS5WmBhbo2ubqsz3skj80/JF2bvzStVrmKAAh3AEJ1CBM6jCLdTABwI9eIIXeHWenTfn3fmYjC45050DmIHz9Qs956CU</latexit><latexit sha1_base64="WhXTQ5GHO7jdIQ296e9rzq+WC8Y=">AAACEnicbVC7TsMwFHXKq4RXgZHFokJiqhIWYEBUsDAWidBKbVQ5zk1r1U4i26lURf0IBhYY+QwmxMDCjvgSVtzHQFuOZOnonHt1j0+Qcqa043xbhaXlldW14rq9sbm1vVPa3btXSSYpeDThiWwERAFnMXiaaQ6NVAIRAYd60Lse+fU+SMWS+E4PUvAF6cQsYpRoI9XzViBwf9gulZ2KMwZeJO6UlC8/7Iv05cuutUs/rTChmYBYU06UarpOqv2cSM0oh6HdyhSkhPZIB5qGxkSA8vNx3CE+MkqIo0SaF2s8Vv9u5EQoNRCBmRREd9W8NxL/9QIxczlXJloXwrk4OjrzcxanmYaYTtJEGcc6waOCcMgkUM0HhhAqmfkQpl0iCdWmRts05c73ski8k8p5xbl1ytUrNEERHaBDdIxcdIqq6AbVkIco6qEH9ISerUfr1Xqz3iejBWu6s49mYH3+AmPGogg=</latexit><latexit sha1_base64="WhXTQ5GHO7jdIQ296e9rzq+WC8Y=">AAACEnicbVC7TsMwFHXKq4RXgZHFokJiqhIWYEBUsDAWidBKbVQ5zk1r1U4i26lURf0IBhYY+QwmxMDCjvgSVtzHQFuOZOnonHt1j0+Qcqa043xbhaXlldW14rq9sbm1vVPa3btXSSYpeDThiWwERAFnMXiaaQ6NVAIRAYd60Lse+fU+SMWS+E4PUvAF6cQsYpRoI9XzViBwf9gulZ2KMwZeJO6UlC8/7Iv05cuutUs/rTChmYBYU06UarpOqv2cSM0oh6HdyhSkhPZIB5qGxkSA8vNx3CE+MkqIo0SaF2s8Vv9u5EQoNRCBmRREd9W8NxL/9QIxczlXJloXwrk4OjrzcxanmYaYTtJEGcc6waOCcMgkUM0HhhAqmfkQpl0iCdWmRts05c73ski8k8p5xbl1ytUrNEERHaBDdIxcdIqq6AbVkIco6qEH9ISerUfr1Xqz3iejBWu6s49mYH3+AmPGogg=</latexit>

µY
5

<latexit sha1_base64="Z7JaG6PGhPHtn2Jzhzwd0zBcWeg=">AAACEnicbVDLSgMxFL1TX7W+qi7dhBahqzIVRN0V3bis4NhKO5ZMJtOGJpkhyQhl6Ee4cKOf4krc+gOCC//CreljYasHAodz7uWenCDhTBvX/XByS8srq2v59cLG5tb2TnF370bHqSLUIzGPVSvAmnImqWeY4bSVKIpFwGkzGFyM/eY9VZrF8toME+oL3JMsYgQbKzU7Iu0e3912i2W36k6A/pLajJTrpcrnFwA0usXvThiTVFBpCMdat2tuYvwMK8MIp6NCJ9U0wWSAe7RtqcSCaj+bxB2hQ6uEKIqVfdKgifp7I8NC66EI7KTApq8XvbH4rxeIucuZttH6NFyIY6JTP2MySQ2VZJomSjkyMRoXhEKmKDF8aAkmitkPIdLHChNjayzYpmqLvfwl3lH1rOpe2cbOYYo8HEAJKlCDE6jDJTTAAwIDeIAneHYenRfn1Xmbjuac2c4+zMF5/wGgwqDd</latexit><latexit sha1_base64="t161Xppn2vI1wfg5/AhufyuG1/M=">AAACEnicbVDLSgMxFL1TX7W+qi7dhBahqzIjSHVXdOOygmMrbS2ZTKYNTWaGJCOUoR/hwo39FFfiSvAHRP/DreljYVsPBA7n3Ms9OV7MmdK2/WllVlbX1jeym7mt7Z3dvfz+wa2KEkmoSyIeyYaHFeUspK5mmtNGLCkWHqd1r3859usPVCoWhTd6ENO2wN2QBYxgbaR6SySd0/u7Tr5ol+0J0DJxZqRYLZS+vyrvo1on/9PyI5IIGmrCsVJNx451O8VSM8LpMNdKFI0x6eMubRoaYkFVO53EHaJjo/goiKR5oUYT9e9GioVSA+GZSYF1Ty16Y/FfzxNzl1NlovWovxBHB2ftlIVxomlIpmmChCMdoXFByGeSEs0HhmAimfkQIj0sMdGmxpxpylnsZZm4J+Xzsn1tGruAKbJwBAUogQMVqMIV1MAFAn14hGcYWU/Wi/VqvU1HM9Zs5xDmYH38AvfuonM=</latexit><latexit sha1_base64="t161Xppn2vI1wfg5/AhufyuG1/M=">AAACEnicbVDLSgMxFL1TX7W+qi7dhBahqzIjSHVXdOOygmMrbS2ZTKYNTWaGJCOUoR/hwo39FFfiSvAHRP/DreljYVsPBA7n3Ms9OV7MmdK2/WllVlbX1jeym7mt7Z3dvfz+wa2KEkmoSyIeyYaHFeUspK5mmtNGLCkWHqd1r3859usPVCoWhTd6ENO2wN2QBYxgbaR6SySd0/u7Tr5ol+0J0DJxZqRYLZS+vyrvo1on/9PyI5IIGmrCsVJNx451O8VSM8LpMNdKFI0x6eMubRoaYkFVO53EHaJjo/goiKR5oUYT9e9GioVSA+GZSYF1Ty16Y/FfzxNzl1NlovWovxBHB2ftlIVxomlIpmmChCMdoXFByGeSEs0HhmAimfkQIj0sMdGmxpxpylnsZZm4J+Xzsn1tGruAKbJwBAUogQMVqMIV1MAFAn14hGcYWU/Wi/VqvU1HM9Zs5xDmYH38AvfuonM=</latexit>
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Maximally helical (hyper)MFs will be strongly amplified! 

Note: total helicity is conserved
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Numerical MHD results

(’17 Schober+)

confirmed complete “conversion” from the chiral asymmetry to the magnetic helicity 

(’17 Schober+)
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Figure 10. Chiral magnetically driven turbulence. Mag-
netic (blue lines) and kinetic (black lines) energy spectra are calcu-
lated at equal time differences, and the very last spectra are shown
as solid lines.

magnetic energy, the growth rate of the magnetic field
decreases abruptly by a factor of more than five. This
is expected in the presence of turbulence, because the
energy dissipation of the magnetic field is increased by
turbulence due to turbulent magnetic diffusion. Addi-
tionally, however, a positive contribution to the growth
rate comes from the chiral αµ effect that causes large-
scale dynamo instability.
The time evolution of the ratio of the mean magnetic

field to the total field, B/Brms, is presented in the bot-
tom panel of Figure 9. The mean magnetic field grows
faster than the rms of the total magnetic field in the time
interval between 0.14 and 0.2 tη. During this time, the
large-scale (mean-field) dynamo operates, so magnetic
energy is transferred to larger spatial scales. We now
determine, directly from DNS, the growth rate of the
large-scale dynamo using Equation (44). To this end, we
determine the Reynolds number and the strength of the
αµ effect using the data from our DNS. Whereas the rms
velocity is a direct output of the simulation, the turbu-
lent forcing scale can be found from analysis of the energy
spectra. The theoretical value based on these estimates
at the time 0.2 tη is indicated as the solid red horizontal
line in the middle panel of Figure 9.
The evolution of kinetic and magnetic energy spectra

is shown in Figure 10. We use equal time steps between
the different spectra, covering the whole simulation time.
The magnetic energy, indicated by blue lines, increases
initially at k = µ0/2 = 10, which agrees with the the-
oretical prediction for the chiral laminar dynamo. The
magnetic field drives a turbulent spectrum of the kinetic
energy, as can clearly be seen in Figure 10 (indicated by
black lines in Figure 10). The final spectral slope of the
kinetic energy is roughly −5/3. The magnetic field con-
tinues to grow at small wavenumbers, producing a peak
at k = 1 in the final stage of the time evolution.
We determine the correlation length of the magnetic

field from the magnetic energy spectrum via

ξM(t) ≡ k−1
M (t) =

1

EM(t)

∫

k−1EM(k, t) dk. (48)

k M
,
R
e M

,
a
n
d
µ
r
m
s

t/tη

ReM

kM

µrms

10−6

10−5

10−4

10−3

10−2

10−1

100

101

102

0 0.1 0.2 0.3 0.4 0.5

Figure 11. Chiral magnetically driven turbulence. The
black solid line shows the inverse correlation length, kM, of the
magnetic energy, defined by Equation (48), as a function of time t.
Using this wavenumber and the rms velocity, the fluid and magnetic
Reynolds numbers are estimated (see Equation 49), that is shown
by the dashed blue line.

The wavenumber kM so defined coincides (up to a nu-
merical factor of order unity) with the so-called tracking
solution, ∆µtr in Boyarsky et al. (2012). There it was
demonstrated that, in the course of evolution, the chi-
ral chemical potential follows kM(t). And, indeed, the
evolution of kM, shown in Figure 11, starts at around 10
(the value of µ0/2 in this simulation) and then decreases
to kM = k1 (corresponding to the simulation box size)
at t ≈ 0.18 tη. Interestingly, the chemical potential is
affected by magnetic helicity only at much later times,
as can be seen in Figure 11. Based on the wavenumber,
kM, we estimate the Reynolds numbers as

Re
M
= Re =

urms

νkM
. (49)

Figure 11 shows that the Reynolds number increases ex-
ponentially, mostly due to the fast increase of urms, and
saturates later at Re

M
≈ 102. Similarly, the turbulent

diffusivity can be estimated as

η
T
=

urms

3 kM
. (50)

During the operation of the mean-field large-scale dy-
namo, we find that η

T
≈ 2.4 × 10−3, which is about

24 times larger than the molecular diffusivity η. Using
these estimates, we determine the chiral magnetic αµ ef-
fect from Equation (47). The large-scale dynamo growth
rate (44) is shown as the solid red horizontal line in the
middle panel of Figure 9 and is in agreement with the
DNS results shown as the black solid line.
Further analysis of the evolution of the magnetic field

at different wavenumbers is presented in Figure 12. In
the top panel, we display the magnetic energy at vari-
ous wavenumbers as a function of time. In the kinematic
phase, for t < 0.1 tη, the fastest amplification occurs at
k = 10, as can also be seen in the energy spectra. At
wavenumbers k < kµ there is an initial phase of mag-
netic dissipation, followed by an exponential increase of
the field. The rapid transition between the two phases,
which occurs at t = 0.05 tη for k = 30 in our example,
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to Equation (38) for small perturbations in the form
B(t, x, z) = By(t, x, z)ey+∇× [A(t, x, z)ey], where ey is
the unit vector directed along the y axis. The functions
By(t, x, z) and A(t, x, z) are determined by

∂A(t, x, z)

∂t
= (vµ + αµ)By + (η + η

T
)∆A, (39)

∂By(t, x, z)

∂t
= −(vµ + αµ)∆A+ (η + η

T
)∆By, (40)

where ∆ = ∇2
x +∇2

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

and (40) in the form:

A,By ∝ exp[γt+ i(kxx+ kzz)], (41)

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

γ = |(vµ + αµ) k|− (η + η
T
) k2 (42)

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

k ≡ kα =
|vµ + αµ|
2(η + η

T
)
, (43)

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (44)

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

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

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

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

αµ = −
2

3
vµ lnReM

. (45)

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

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

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

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

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

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

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

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

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

(’17 Schober+)

confirmed complete “conversion” from the chiral asymmetry to the magnetic helicity 
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to Equation (38) for small perturbations in the form
B(t, x, z) = By(t, x, z)ey+∇× [A(t, x, z)ey], where ey is
the unit vector directed along the y axis. The functions
By(t, x, z) and A(t, x, z) are determined by

∂A(t, x, z)

∂t
= (vµ + αµ)By + (η + η

T
)∆A, (39)

∂By(t, x, z)

∂t
= −(vµ + αµ)∆A+ (η + η

T
)∆By, (40)

where ∆ = ∇2
x +∇2

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

and (40) in the form:

A,By ∝ exp[γt+ i(kxx+ kzz)], (41)

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

γ = |(vµ + αµ) k|− (η + η
T
) k2 (42)

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

k ≡ kα =
|vµ + αµ|
2(η + η

T
)
, (43)

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (44)

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

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

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

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

αµ = −
2

3
vµ lnReM

. (45)

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

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

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

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

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

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

u
r
m
s
,
B

r
m
s
,
2µ

r
m
s
/λ

,
an

d
⟨A

·B
⟩

γ
t η

laminar dynamo

mean-field

γ (for Brms)

γ (for urms)

theory

theory

B
/B

r
m
s

t/tη

Brms

urms

⟨A ·B⟩
2µrms/λ

⟨A ·B⟩+ 2µrms/λ

10−14

10−12

10−10

10−8

10−6

10−4

10−2

100

102

0

20

40

60

80

100

120

140

160

180

10−2

10−1

100

0 0.1 0.2 0.3 0.4 0.5

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

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

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

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

(’17 Schober+)

confirmed complete “conversion” from the chiral asymmetry to the magnetic helicity 
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Numerical MHD results
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Cosmologically interesting consequences?
- An asymmetry (does not have to baryon) generation mechanism leads to CPI 
  -> Baryon asymmetry is generated at the electroweak symmetry breaking. 

(’16 KK&Long, ’18 KK)

✓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
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where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual
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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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where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
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- A large lepton flavor asymmetry,                      (thought to be harmless),  
  is ruled out otherwise we suffer from baryon overproduction. (’23 Domcke, KK+)
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would be su�cient to be the seed magnetic fields for the magnetic fields in the galaxy and
galaxy cluster [90].

Figure 3. Constraints on the magnetic fields at the EWSB, (5.3) and (5.4) in terms of the physical
quantities (Left) and those on the present magnetic fields, Eqs. (5.6) and (5.7) (Right) are shown. The
navy line in the right panel is the lower bounds of the IGMFs suggested by the blazar observations [44]
with an extrapolation (dotted line). In both panels, the gray shaded regions are the parameter spaces
that are inconsistent with the MHD. The green shaded regions are the allowed parameter spaces for
the delta-function model, while the yellow shaded regions are those for the power-law model with
↵ = 0.

Figures 3 exhibit quite di�erent allowed regions compared with Fig. 1 because the net
baryon asymmetry is fixed independently of the properties of the magnetic fields. Since
weaker magnetic fields that cannot generate the observed BAU is now allowed, viable pa-
rameter spaces are widely open. However, since the baryon isocurvature perturbation is
mainly carried by the non-helical part of the hypermagnetic fields, the constraints do not
change much for the stronger magnetic fields that can generate correct amount of the BAU,
which lie on the line that is determined by the eddy turnover scale (Eq. (3.13)).

Thus far we have not discussed the inflationary magnetogenesis that may have generated
a relatively flat spectrum ↵ < �4 up to the Mpc scales today with a comoving infrared cuto�
H0 < kIR < kd with H0 being the present Hubble parameter. In this case, we can write the
power spectrum as
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with ✏fo = 0. Here B
IR
c,fo represents the magnetic field strength at the infrared cuto�. In a

similar way that is discussed in Eq. (4.15), we can evaluate the volume average of the baryon
isocurvature perturbation as
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, (5.9)

which is almost equal to those for the delta-function like model or the power law with expo-
nential cuto� model. Therefore, we can conclude that even in this case, the magnetic field

– 24 –
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B0

<latexit sha1_base64="2DN1d4FINUZ+wsUIlYXLLrih0kA=">AAACFXicbVA9TwJBFHyHX4hfqKXNRmJiRe6MUUuijSUmAhq4kL29B2zYvbvs7pmQC7/CwkZ/ip2xtfaX2LrAFQJOsslk3ry82QkSwbVx3W+nsLK6tr5R3Cxtbe/s7pX3D5o6ThXDBotFrB4CqlHwCBuGG4EPiUIqA4GtYHgzmbeeUGkeR/dmlKAvaT/iPc6osdJjR1hrSLtut1xxq+4UZJl4OalAjnq3/NMJY5ZKjAwTVOu25ybGz6gynAkclzqpxoSyIe1j29KIStR+Ng08JidWCUkvVvZFhkzVvxsZlVqPZGCdkpqBXpxNxH9ngZy7nGkbbYDhQhzTu/IzHiWpwYjN0vRSQUxMJhWRkCtkRowsoUxx+yHCBlRRZmyRJduUt9jLMmmeVb2Lqnt3Xqld550V4QiO4RQ8uIQa3EIdGsBAwjO8wpvz4rw7H87nzFpw8p1DmIPz9Qt33Z+k</latexit>

�0

inconsistent  
with MHD

<latexit sha1_base64="UWKW/h5EM+e86D+k3PtyzZpnRZE="></latexit>

hS2
B,BBNi > 0.016

BAU?
[G]

[Mpc]
Figure from F. Uchida Ph. D thesis

CMB

blazar

baryon isocurvature
(A)-NH

(B)

(D)(A)

(A)-H, (B)-MH

(C)

EWSB

Recombination

BAU?

Intergalactic MFs cannot be explained  
by primordial MFs before EWSB.

’16 KK & Long, ’24 Uchida, KK+
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Slide Background Courtesy: H. Oide

Chiral MHD with zero total chirality
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Slide Background Courtesy: H. Oide

What happens if we start from a balanced initial condition?
<latexit sha1_base64="4airi79t6YPrO1oa1AWa4Mv2y9E=">AAACMXicbVDLSgMxFM3UV62vqks3wSIIQpmRVt0IRTddtmAf0BnKnTTThmYeJBmhDPMBfo0LN/op3YlbP8CtaTsL23ogcDjnXHLvcSPOpDLNqZHb2Nza3snvFvb2Dw6PiscnbRnGgtAWCXkoui5IyllAW4opTruRoOC7nHbc8ePM7zxTIVkYPKlJRB0fhgHzGAGlpX6x1OxX8RW2PQEksYFHI0iTih2xNLEJcFxP702dMsvmHHidWBkpoQyNfvHHHoQk9mmgCAcpe5YZKScBoRjhNC3YsaQRkDEMaU/TAHwqnWR+TIovtDLAXij0CxSeq38nEvClnPiuTvqgRnLVm4n/eq6/9HMi9WojOlhZR3l3TsKCKFY0IIttvJhjFeJZfXjABCWKTzQBIpg+CJMR6PKULrmgm7JWe1kn7euydVOuNiul2kPWWR6doXN0iSx0i2qojhqohQh6Qa/oHX0Yb8bU+DS+FtGckc2coiUY37+Kl6nu</latexit>

Q5 +
↵

4⇡
H = 0
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Slide Background Courtesy: H. Oide

positive helicity mode

negative helicity mode

<latexit sha1_base64="ottwt0wwwSfoje+/czW/OyjDZpo=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2VRBDdCRfuAdiiZTNqGJpkhyQhl6Ce4cKOf4k7c+gl+iVvTdha29UDgcM693JMTxJxp47rfTm5peWV1Lb9e2Njc2t4p7u7VdZQoQmsk4pFqBlhTziStGWY4bcaKYhFw2ggG12O/8USVZpF8NMOY+gL3JOsygo2VHm46d51iyS27E6BF4mWkBBmqneJPO4xIIqg0hGOtW54bGz/FyjDC6ajQTjSNMRngHm1ZKrGg2k8nUUfoyCoh6kbKPmnQRP27kWKh9VAEdlJg09fz3lj81wvEzOVU22h9Gs7FMd1LP2UyTgyVZJqmm3BkIjQuB4VMUWL40BJMFLMfQqSPFSbGVliwTXnzvSyS+knZOy+f3Z+WKldZZ3k4gEM4Bg8uoAK3UIUaEOjBM7zCm/PivDsfzud0NOdkO/swA+frF6SGnRI=</latexit>

EM

<latexit sha1_base64="dTEy9I90gX3BEBMIyx7+aHItLeA=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047IF+4B2KJnMnTY0yQxJRihDv8CFG/0Ud+LWb/BL3Jq2s7CtBwKHc+7lnpwg4Uwb1/12CmvrG5tbxe3Szu7e/kH58Kil41RRaNKYx6oTEA2cSWgaZjh0EgVEBBzaweh+6refQGkWy0czTsAXZCBZxCgxVmqM+uWKW3VnwKvEy0kF5aj3yz+9MKapAGkoJ1p3PTcxfkaUYZTDpNRLNSSEjsgAupZKIkD72SzoBJ9ZJcRRrOyTBs/UvxsZEVqPRWAnBTFDvexNxX+9QCxczrSNNoRwKY6Jbv2MySQ1IOk8TZRybGI8rQaHTAE1fGwJoYrZD2E6JIpQYwss2aa85V5WSeui6l1XrxqXldpd3lkRnaBTdI48dINq6AHVURNRBOgZvaI358V5dz6cz/lowcl3jtECnK9fewSceA==</latexit>

k

<latexit sha1_base64="4airi79t6YPrO1oa1AWa4Mv2y9E=">AAACMXicbVDLSgMxFM3UV62vqks3wSIIQpmRVt0IRTddtmAf0BnKnTTThmYeJBmhDPMBfo0LN/op3YlbP8CtaTsL23ogcDjnXHLvcSPOpDLNqZHb2Nza3snvFvb2Dw6PiscnbRnGgtAWCXkoui5IyllAW4opTruRoOC7nHbc8ePM7zxTIVkYPKlJRB0fhgHzGAGlpX6x1OxX8RW2PQEksYFHI0iTih2xNLEJcFxP702dMsvmHHidWBkpoQyNfvHHHoQk9mmgCAcpe5YZKScBoRjhNC3YsaQRkDEMaU/TAHwqnWR+TIovtDLAXij0CxSeq38nEvClnPiuTvqgRnLVm4n/eq6/9HMi9WojOlhZR3l3TsKCKFY0IIttvJhjFeJZfXjABCWKTzQBIpg+CJMR6PKULrmgm7JWe1kn7euydVOuNiul2kPWWR6doXN0iSx0i2qojhqohQh6Qa/oHX0Yb8bU+DS+FtGckc2coiUY37+Kl6nu</latexit>

Q5 +
↵

4⇡
H = 0

What happens if we start from a balanced initial condition?
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Slide Background Courtesy: H. Oide

positive helicity mode

negative helicity mode

<latexit sha1_base64="ottwt0wwwSfoje+/czW/OyjDZpo=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2VRBDdCRfuAdiiZTNqGJpkhyQhl6Ce4cKOf4k7c+gl+iVvTdha29UDgcM693JMTxJxp47rfTm5peWV1Lb9e2Njc2t4p7u7VdZQoQmsk4pFqBlhTziStGWY4bcaKYhFw2ggG12O/8USVZpF8NMOY+gL3JOsygo2VHm46d51iyS27E6BF4mWkBBmqneJPO4xIIqg0hGOtW54bGz/FyjDC6ajQTjSNMRngHm1ZKrGg2k8nUUfoyCoh6kbKPmnQRP27kWKh9VAEdlJg09fz3lj81wvEzOVU22h9Gs7FMd1LP2UyTgyVZJqmm3BkIjQuB4VMUWL40BJMFLMfQqSPFSbGVliwTXnzvSyS+knZOy+f3Z+WKldZZ3k4gEM4Bg8uoAK3UIUaEOjBM7zCm/PivDsfzud0NOdkO/swA+frF6SGnRI=</latexit>

EM

<latexit sha1_base64="dTEy9I90gX3BEBMIyx7+aHItLeA=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047IF+4B2KJnMnTY0yQxJRihDv8CFG/0Ud+LWb/BL3Jq2s7CtBwKHc+7lnpwg4Uwb1/12CmvrG5tbxe3Szu7e/kH58Kil41RRaNKYx6oTEA2cSWgaZjh0EgVEBBzaweh+6refQGkWy0czTsAXZCBZxCgxVmqM+uWKW3VnwKvEy0kF5aj3yz+9MKapAGkoJ1p3PTcxfkaUYZTDpNRLNSSEjsgAupZKIkD72SzoBJ9ZJcRRrOyTBs/UvxsZEVqPRWAnBTFDvexNxX+9QCxczrSNNoRwKY6Jbv2MySQ1IOk8TZRybGI8rQaHTAE1fGwJoYrZD2E6JIpQYwss2aa85V5WSeui6l1XrxqXldpd3lkRnaBTdI48dINq6AHVURNRBOgZvaI358V5dz6cz/lowcl3jtECnK9fewSceA==</latexit>

k

<latexit sha1_base64="4airi79t6YPrO1oa1AWa4Mv2y9E=">AAACMXicbVDLSgMxFM3UV62vqks3wSIIQpmRVt0IRTddtmAf0BnKnTTThmYeJBmhDPMBfo0LN/op3YlbP8CtaTsL23ogcDjnXHLvcSPOpDLNqZHb2Nza3snvFvb2Dw6PiscnbRnGgtAWCXkoui5IyllAW4opTruRoOC7nHbc8ePM7zxTIVkYPKlJRB0fhgHzGAGlpX6x1OxX8RW2PQEksYFHI0iTih2xNLEJcFxP702dMsvmHHidWBkpoQyNfvHHHoQk9mmgCAcpe5YZKScBoRjhNC3YsaQRkDEMaU/TAHwqnWR+TIovtDLAXij0CxSeq38nEvClnPiuTvqgRnLVm4n/eq6/9HMi9WojOlhZR3l3TsKCKFY0IIttvJhjFeJZfXjABCWKTzQBIpg+CJMR6PKULrmgm7JWe1kn7euydVOuNiul2kPWWR6doXN0iSx0i2qojhqohQh6Qa/oHX0Yb8bU+DS+FtGckc2coiUY37+Kl6nu</latexit>

Q5 +
↵

4⇡
H = 0

What happens if we start from a balanced initial condition?
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Slide Background Courtesy: H. Oide

positive helicity mode

negative helicity mode

<latexit sha1_base64="ottwt0wwwSfoje+/czW/OyjDZpo=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2VRBDdCRfuAdiiZTNqGJpkhyQhl6Ce4cKOf4k7c+gl+iVvTdha29UDgcM693JMTxJxp47rfTm5peWV1Lb9e2Njc2t4p7u7VdZQoQmsk4pFqBlhTziStGWY4bcaKYhFw2ggG12O/8USVZpF8NMOY+gL3JOsygo2VHm46d51iyS27E6BF4mWkBBmqneJPO4xIIqg0hGOtW54bGz/FyjDC6ajQTjSNMRngHm1ZKrGg2k8nUUfoyCoh6kbKPmnQRP27kWKh9VAEdlJg09fz3lj81wvEzOVU22h9Gs7FMd1LP2UyTgyVZJqmm3BkIjQuB4VMUWL40BJMFLMfQqSPFSbGVliwTXnzvSyS+knZOy+f3Z+WKldZZ3k4gEM4Bg8uoAK3UIUaEOjBM7zCm/PivDsfzud0NOdkO/swA+frF6SGnRI=</latexit>

EM

<latexit sha1_base64="dTEy9I90gX3BEBMIyx7+aHItLeA=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047IF+4B2KJnMnTY0yQxJRihDv8CFG/0Ud+LWb/BL3Jq2s7CtBwKHc+7lnpwg4Uwb1/12CmvrG5tbxe3Szu7e/kH58Kil41RRaNKYx6oTEA2cSWgaZjh0EgVEBBzaweh+6refQGkWy0czTsAXZCBZxCgxVmqM+uWKW3VnwKvEy0kF5aj3yz+9MKapAGkoJ1p3PTcxfkaUYZTDpNRLNSSEjsgAupZKIkD72SzoBJ9ZJcRRrOyTBs/UvxsZEVqPRWAnBTFDvexNxX+9QCxczrSNNoRwKY6Jbv2MySQ1IOk8TZRybGI8rQaHTAE1fGwJoYrZD2E6JIpQYwss2aa85V5WSeui6l1XrxqXldpd3lkRnaBTdI48dINq6AHVURNRBOgZvaI358V5dz6cz/lowcl3jtECnK9fewSceA==</latexit>

k

exponential growth?

<latexit sha1_base64="4airi79t6YPrO1oa1AWa4Mv2y9E=">AAACMXicbVDLSgMxFM3UV62vqks3wSIIQpmRVt0IRTddtmAf0BnKnTTThmYeJBmhDPMBfo0LN/op3YlbP8CtaTsL23ogcDjnXHLvcSPOpDLNqZHb2Nza3snvFvb2Dw6PiscnbRnGgtAWCXkoui5IyllAW4opTruRoOC7nHbc8ePM7zxTIVkYPKlJRB0fhgHzGAGlpX6x1OxX8RW2PQEksYFHI0iTih2xNLEJcFxP702dMsvmHHidWBkpoQyNfvHHHoQk9mmgCAcpe5YZKScBoRjhNC3YsaQRkDEMaU/TAHwqnWR+TIovtDLAXij0CxSeq38nEvClnPiuTvqgRnLVm4n/eq6/9HMi9WojOlhZR3l3TsKCKFY0IIttvJhjFeJZfXjABCWKTzQBIpg+CJMR6PKULrmgm7JWe1kn7euydVOuNiul2kPWWR6doXN0iSx0i2qojhqohQh6Qa/oHX0Yb8bU+DS+FtGckc2coiUY37+Kl6nu</latexit>

Q5 +
↵

4⇡
H = 0

What happens if we start from a balanced initial condition?
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Slide Background Courtesy: H. Oide

positive helicity mode

negative helicity mode

<latexit sha1_base64="ottwt0wwwSfoje+/czW/OyjDZpo=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2VRBDdCRfuAdiiZTNqGJpkhyQhl6Ce4cKOf4k7c+gl+iVvTdha29UDgcM693JMTxJxp47rfTm5peWV1Lb9e2Njc2t4p7u7VdZQoQmsk4pFqBlhTziStGWY4bcaKYhFw2ggG12O/8USVZpF8NMOY+gL3JOsygo2VHm46d51iyS27E6BF4mWkBBmqneJPO4xIIqg0hGOtW54bGz/FyjDC6ajQTjSNMRngHm1ZKrGg2k8nUUfoyCoh6kbKPmnQRP27kWKh9VAEdlJg09fz3lj81wvEzOVU22h9Gs7FMd1LP2UyTgyVZJqmm3BkIjQuB4VMUWL40BJMFLMfQqSPFSbGVliwTXnzvSyS+knZOy+f3Z+WKldZZ3k4gEM4Bg8uoAK3UIUaEOjBM7zCm/PivDsfzud0NOdkO/swA+frF6SGnRI=</latexit>

EM

<latexit sha1_base64="dTEy9I90gX3BEBMIyx7+aHItLeA=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047IF+4B2KJnMnTY0yQxJRihDv8CFG/0Ud+LWb/BL3Jq2s7CtBwKHc+7lnpwg4Uwb1/12CmvrG5tbxe3Szu7e/kH58Kil41RRaNKYx6oTEA2cSWgaZjh0EgVEBBzaweh+6refQGkWy0czTsAXZCBZxCgxVmqM+uWKW3VnwKvEy0kF5aj3yz+9MKapAGkoJ1p3PTcxfkaUYZTDpNRLNSSEjsgAupZKIkD72SzoBJ9ZJcRRrOyTBs/UvxsZEVqPRWAnBTFDvexNxX+9QCxczrSNNoRwKY6Jbv2MySQ1IOk8TZRybGI8rQaHTAE1fGwJoYrZD2E6JIpQYwss2aa85V5WSeui6l1XrxqXldpd3lkRnaBTdI48dINq6AHVURNRBOgZvaI358V5dz6cz/lowcl3jtECnK9fewSceA==</latexit>

k

exponential growth?

annhilate?

<latexit sha1_base64="4airi79t6YPrO1oa1AWa4Mv2y9E=">AAACMXicbVDLSgMxFM3UV62vqks3wSIIQpmRVt0IRTddtmAf0BnKnTTThmYeJBmhDPMBfo0LN/op3YlbP8CtaTsL23ogcDjnXHLvcSPOpDLNqZHb2Nza3snvFvb2Dw6PiscnbRnGgtAWCXkoui5IyllAW4opTruRoOC7nHbc8ePM7zxTIVkYPKlJRB0fhgHzGAGlpX6x1OxX8RW2PQEksYFHI0iTih2xNLEJcFxP702dMsvmHHidWBkpoQyNfvHHHoQk9mmgCAcpe5YZKScBoRjhNC3YsaQRkDEMaU/TAHwqnWR+TIovtDLAXij0CxSeq38nEvClnPiuTvqgRnLVm4n/eq6/9HMi9WojOlhZR3l3TsKCKFY0IIttvJhjFeJZfXjABCWKTzQBIpg+CJMR6PKULrmgm7JWe1kn7euydVOuNiul2kPWWR6doXN0iSx0i2qojhqohQh6Qa/oHX0Yb8bU+DS+FtGckc2coiUY37+Kl6nu</latexit>

Q5 +
↵

4⇡
H = 0

What happens if we start from a balanced initial condition?
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Slide Background Courtesy: H. Oide

<latexit sha1_base64="ottwt0wwwSfoje+/czW/OyjDZpo=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2VRBDdCRfuAdiiZTNqGJpkhyQhl6Ce4cKOf4k7c+gl+iVvTdha29UDgcM693JMTxJxp47rfTm5peWV1Lb9e2Njc2t4p7u7VdZQoQmsk4pFqBlhTziStGWY4bcaKYhFw2ggG12O/8USVZpF8NMOY+gL3JOsygo2VHm46d51iyS27E6BF4mWkBBmqneJPO4xIIqg0hGOtW54bGz/FyjDC6ajQTjSNMRngHm1ZKrGg2k8nUUfoyCoh6kbKPmnQRP27kWKh9VAEdlJg09fz3lj81wvEzOVU22h9Gs7FMd1LP2UyTgyVZJqmm3BkIjQuB4VMUWL40BJMFLMfQqSPFSbGVliwTXnzvSyS+knZOy+f3Z+WKldZZ3k4gEM4Bg8uoAK3UIUaEOjBM7zCm/PivDsfzud0NOdkO/swA+frF6SGnRI=</latexit>

EM

<latexit sha1_base64="dTEy9I90gX3BEBMIyx7+aHItLeA=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047IF+4B2KJnMnTY0yQxJRihDv8CFG/0Ud+LWb/BL3Jq2s7CtBwKHc+7lnpwg4Uwb1/12CmvrG5tbxe3Szu7e/kH58Kil41RRaNKYx6oTEA2cSWgaZjh0EgVEBBzaweh+6refQGkWy0czTsAXZCBZxCgxVmqM+uWKW3VnwKvEy0kF5aj3yz+9MKapAGkoJ1p3PTcxfkaUYZTDpNRLNSSEjsgAupZKIkD72SzoBJ9ZJcRRrOyTBs/UvxsZEVqPRWAnBTFDvexNxX+9QCxczrSNNoRwKY6Jbv2MySQ1IOk8TZRybGI8rQaHTAE1fGwJoYrZD2E6JIpQYwss2aa85V5WSeui6l1XrxqXldpd3lkRnaBTdI48dINq6AHVURNRBOgZvaI358V5dz6cz/lowcl3jtECnK9fewSceA==</latexit>

k

<latexit sha1_base64="9FLifcLbrr7+eVCvCawOyXEaMmY=">AAACEHicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUF+4B2KJlMpg1NMkNyRyhDf8GFG/0Ud+LWP/BL3JppZ2FbDwQO59zLPTlBIrgB1/12SmvrG5tb5e3Kzu7e/kH18Kht4lRT1qKxiHU3IIYJrlgLOAjWTTQjMhCsE4zvcr/zxLThsXqEScJ8SYaKR5wSyKU+kHRQrbl1dwa8SryC1FCB5qD60w9jmkqmgApiTM9zE/AzooFTwaaVfmpYQuiYDFnPUkUkM342yzrFZ1YJcRRr+xTgmfp3IyPSmIkM7KQkMDLLXi7+6wVy4XJmbLQRC5fiQHTjZ1wlKTBF52miVGCIcd4ODrlmFMTEEkI1tx/CdEQ0oWA7rNimvOVeVkn7ou5d1S8fLmuN26KzMjpBp+gceegaNdA9aqIWomiEntErenNenHfnw/mcj5acYucYLcD5+gX3QZ3Q</latexit>⌧

<latexit sha1_base64="AegSbkORWPY7+Eum90o6SHvSouY=">AAACGnicbVC7TsMwFL0pr1JeBUYWiwqJqUoQr7GChbFI9CE1oXIcp7VqJ5HtIFVR/oOBBT6FDbGy8CWsuG0G2nIkS0fn3Kt7fPyEM6Vt+9sqrayurW+UNytb2zu7e9X9g7aKU0loi8Q8ll0fK8pZRFuaaU67iaRY+Jx2/NHtxO88UalYHD3ocUI9gQcRCxnB2kiPmTvEGrkizfvZRd6v1uy6PQVaJk5BalCg2a/+uEFMUkEjTThWqufYifYyLDUjnOYVN1U0wWSEB7RnaIQFVV42TZ2jE6MEKIyleZFGU/XvRoaFUmPhm0mB9VAtehPxX88Xc5czZaINabAQR4fXXsaiJNU0IrM0YcqRjtGkJxQwSYnmY0Mwkcx8CJEhlpho02bFNOUs9rJM2md157J+fn9ea9wUnZXhCI7hFBy4ggbcQRNaQEDCM7zCm/VivVsf1udstGQVO4cwB+vrF+hlogk=</latexit>

µ̂5<latexit sha1_base64="za/0zZQRagUvtfVBveOu2ah9Fpo=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwISWR+lgW3bisYB/QhDCZTJqhM0mYmRRKyJ+4cKOf4k7c6pe4ddpmYVsPDBzOuZd75vgpo1JZ1rdRWVvf2Nyqbtd2dvf2D8zDo65MMoFJBycsEX0fScJoTDqKKkb6qSCI+4z0/NH91O+NiZA0iZ/UJCUuR8OYhhQjpSXPNHMnQgo6PCu8/OrCKjyzbjWsGeAqsUtSByXanvnjBAnOOIkVZkjKgW2lys2RUBQzUtScTJIU4REakoGmMeJEuvkseQHPtBLAMBH6xQrO1L8bOeJSTrivJzlSkVz2puK/ns8XLudSR4tIsBRHhbduTuM0UyTG8zRhxqBK4LQrGFBBsGITTRAWVH8I4ggJhJVutKabspd7WSXdy4Z93Wg+Nuutu7KzKjgBp+Ac2OAGtMADaIMOwGAMnsEreDNejHfjw/icj1aMcucYLMD4+gVSWqKq</latexit>

µ̂5,0
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The result turned out to be…
9

FIG. 3. Magnetic energy (solid lines) and normalized helicity
spectra kHM(k)/2 (dotted lines with red and blue symbols for
positive and negative helicity spectra, respectively) for Run O
at times η = 0.3, 460, 1500, 4600, 15,000, and 46,000. The
peaks kI (peaks of the red curves) and kII (peaks of the blue
curves) evolve underneath the envelopes ∝ k3/2 and ∝ k8/3,
respectively.

FIG. 4. Comparison of kI (red), k± (orange), and kII (blue)
for Run O. The dashed-dotted line indicates η−4/9. The green
dashed line shows ⟨µ5⟩ and the green dotted line shows the
rms value µrms

5 .

we change kI and keep k50 fixed, and others where we
change k50 and keep k0 fixed. It both cases, of course,
since we want to satisfy ⟨µ5⟩+ ⟨µM⟩ = const, we need to
adjust the amplitude of the initial magnetic field corre-
spondingly. The results are summarized in Table II and
plotted in Figs. 6 and 7.

One may presume that η(i)± is roughly estimated by
ηCPI since the grow of negative helicity modes becomes

effective at that time. We see, however, that, while η(i)±

decreases quadratically with increasing |µ50|, the depen-
dence on ηCPI = σµ−2

50 is shallower than linear and fol-

lows approximately an η2/3CPI scaling; see Fig. 6. Thus,
kII starts to decline more rapidly when |µ50| is large, al-

FIG. 5. Similarly to Fig. 4, but for Run I. The red dashed-
dotted line indicates here the η−1/3 scaling, which describes
the kI scaling better than the η−4/9 scaling indicated by the
red dotted line. The orange and red dots indicate the cross-
ings of the extrapolated tangents on which the times η(i)

± , ηI,

and η(ii)
± are based.

FIG. 6. Dependence of η(i)
± , ηI, and η(ii)

± on ηCPI. η
(i)
± shows

an approximate η2/3
CPI dependence along two branches that are

separated by a factor of about 6. ηI and η(ii)
± are essentially

independent of ηCPI. The inset shows that η(i)
± scales inverse

quadratically with |µ50|.

though it is unclear why this exponent is here ≈ 2/3.
On the other hand, we see that the five data points with
k1 = 0.01 (Runs L, M, N, J, and J” with smaller |µ50|)
lie on another η2/3CPI line that is shifted upward by a fac-
tor of about 6 relative to the runs with larger k1. The
reason for this is that for large values of ηCPI, it became
necessary to decrease the value of k1. This decreased
the Nyquist wave number since N remained unchanged,
which can cause artifacts in the values of k±. Small val-
ues of k1 also facilitates the η4/9 scaling of ξM and related
length scales; see the comparison between Runs N and N’

(’23 Brandenburg, KK+)
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FIG. 7. Dependence of ηI ≈ η(ii)
± and η(i)

± on (a) ηturb and
(b) ηλ, as well as (c) the dependence of ηturb on ηλ.

in Table II. This shows that η(i)± is currently very sensi-
tive to these restrictions which will be alleviated in future
with larger computational power. Nevertheless, there is

clearly a trend for an uprise in the dependence of η(i)± on
ηCPI for large values.

Next, we examine the dependence of ηI and η(ii)± on k0
and µ50. Figure 6 shows that the time ηI of the onset of
the decline of kI does not strongly depend on the value of

µ50. Likewise, the time η(ii)± when the decay of kII slows
down, does not strongly depend on µ50. Again, however,
there is an upward shift of data points for the four runs,
for which k1 = 0.01. As discussed in Sec. II E, we expect
that ηI is close to ηturb and ηλ. The upper two panels of

Fig. 7 show the dependence of η(i)± , ηI, and η(ii)± on ηturb
and ηλ, respectively. From these plots, we estimate that

ηI ≈ 1.4 ηturb ≈ 2.2 ηλ. (34)

In the lowest panel of Fig. 7, we also show the relation
between ηturb and ηλ, i.e.,

ηturb ≈ 1.6 ηλ, (35)

which shows the validity of the estimate of umax
rms in terms

of ṽλ. Equation (34) is useful for estimating the prop-
erties of magnetic field strength and coherence length at
later times. Therefore, we conclude that the numerical

FIG. 8. Comparison of ⟨µ±

M⟩ for Run II (red lines), Run J
(blue lines), and Run G (orange lines). The times ηACC are
marked by the correspondingly colored filled symbol at the
crossing points of the extrapolated η−2/3 decay law with the
initially constant values, indicated by dotted line. The η−4/3

decay law ⟨µ−

M⟩ is shown as the dashed-dotted line.

results support, at least for a moderate scale separation,
1 < |µ50|/k0 ! O(10), the theoretical estimate for the
evolution of the characteristic scales given in Sec. II E
with a more accurate determination of the time of the
onset of the scaling evolution, Eq. (34).

D. Evolution of ⟨µ5⟩ and ⟨µ±

M⟩

We now discuss how the chirality of the system evolves.
Using Eqs. (18) and (19), we divide the magnetic helicity
into ⟨µ+

M⟩ and ⟨µ−

M⟩. The typical evolution of ⟨µ5⟩ and
⟨µ±

M⟩ is as follows. (i) ⟨µ5⟩ and ⟨µ+
M⟩ stay constant until

the time η = ηµ+
M
, when the ACC commences exhibiting

a power law decay. (ii) ⟨µ−

M⟩ grows until the time η = ηµ−
M

and then decays.
As discussed in Sec. II E, the decay of ⟨µ5⟩ and ⟨µ+

M⟩
due to the ACC is expected to be like η−2/3. In Fig. 8,
we have overplotted the asymptotic η−2/3 decay laws of
magnetic helicity with results of some of the representa-
tive numerical runs (Runs II, J, and G), which clearly
shows that the numerical results support the theoretical
prediction.
The decay of ⟨µ−

M⟩ is faster than that of ⟨µ5⟩ and ⟨µ+
M⟩

and follows an approximate η−4/3 law, resulting in a de-
cay of the ratio ⟨µ−

M⟩/⟨µ+
M⟩ ∝ η−2/3. Therefore, unless

⟨µ−

M⟩ becomes comparable to ⟨µ+
M⟩ when the grow stops,

a complete cancellation between ⟨µ−

M⟩ and ⟨µ+
M⟩ never

occurs.
The production of ⟨µ−

M⟩ is expected to be a result of
the CPI. We now address the question of how much ⟨µ−

M⟩
is being produced and what its maximum value depends
on. Figure 8 shows that ⟨µ−

M⟩ is generally rather small,

(’23 Brandenburg, KK+)

- weaker amplification of negative helicity mode 
- Inverse cascade for long-wave length positive helicity mode  
  with the conservation of Hosking integral 
- chirality-helicity annihilation proceeds with a power law decay

27/32



Slide Background Courtesy: H. Oide

9

FIG. 3. Magnetic energy (solid lines) and normalized helicity
spectra kHM(k)/2 (dotted lines with red and blue symbols for
positive and negative helicity spectra, respectively) for Run O
at times η = 0.3, 460, 1500, 4600, 15,000, and 46,000. The
peaks kI (peaks of the red curves) and kII (peaks of the blue
curves) evolve underneath the envelopes ∝ k3/2 and ∝ k8/3,
respectively.

FIG. 4. Comparison of kI (red), k± (orange), and kII (blue)
for Run O. The dashed-dotted line indicates η−4/9. The green
dashed line shows ⟨µ5⟩ and the green dotted line shows the
rms value µrms

5 .

we change kI and keep k50 fixed, and others where we
change k50 and keep k0 fixed. It both cases, of course,
since we want to satisfy ⟨µ5⟩+ ⟨µM⟩ = const, we need to
adjust the amplitude of the initial magnetic field corre-
spondingly. The results are summarized in Table II and
plotted in Figs. 6 and 7.

One may presume that η(i)± is roughly estimated by
ηCPI since the grow of negative helicity modes becomes

effective at that time. We see, however, that, while η(i)±

decreases quadratically with increasing |µ50|, the depen-
dence on ηCPI = σµ−2

50 is shallower than linear and fol-

lows approximately an η2/3CPI scaling; see Fig. 6. Thus,
kII starts to decline more rapidly when |µ50| is large, al-

FIG. 5. Similarly to Fig. 4, but for Run I. The red dashed-
dotted line indicates here the η−1/3 scaling, which describes
the kI scaling better than the η−4/9 scaling indicated by the
red dotted line. The orange and red dots indicate the cross-
ings of the extrapolated tangents on which the times η(i)

± , ηI,

and η(ii)
± are based.

FIG. 6. Dependence of η(i)
± , ηI, and η(ii)

± on ηCPI. η
(i)
± shows

an approximate η2/3
CPI dependence along two branches that are

separated by a factor of about 6. ηI and η(ii)
± are essentially

independent of ηCPI. The inset shows that η(i)
± scales inverse

quadratically with |µ50|.

though it is unclear why this exponent is here ≈ 2/3.
On the other hand, we see that the five data points with
k1 = 0.01 (Runs L, M, N, J, and J” with smaller |µ50|)
lie on another η2/3CPI line that is shifted upward by a fac-
tor of about 6 relative to the runs with larger k1. The
reason for this is that for large values of ηCPI, it became
necessary to decrease the value of k1. This decreased
the Nyquist wave number since N remained unchanged,
which can cause artifacts in the values of k±. Small val-
ues of k1 also facilitates the η4/9 scaling of ξM and related
length scales; see the comparison between Runs N and N’

(’23 Brandenburg, KK+)

10

FIG. 7. Dependence of ηI ≈ η(ii)
± and η(i)

± on (a) ηturb and
(b) ηλ, as well as (c) the dependence of ηturb on ηλ.

in Table II. This shows that η(i)± is currently very sensi-
tive to these restrictions which will be alleviated in future
with larger computational power. Nevertheless, there is

clearly a trend for an uprise in the dependence of η(i)± on
ηCPI for large values.

Next, we examine the dependence of ηI and η(ii)± on k0
and µ50. Figure 6 shows that the time ηI of the onset of
the decline of kI does not strongly depend on the value of

µ50. Likewise, the time η(ii)± when the decay of kII slows
down, does not strongly depend on µ50. Again, however,
there is an upward shift of data points for the four runs,
for which k1 = 0.01. As discussed in Sec. II E, we expect
that ηI is close to ηturb and ηλ. The upper two panels of

Fig. 7 show the dependence of η(i)± , ηI, and η(ii)± on ηturb
and ηλ, respectively. From these plots, we estimate that

ηI ≈ 1.4 ηturb ≈ 2.2 ηλ. (34)

In the lowest panel of Fig. 7, we also show the relation
between ηturb and ηλ, i.e.,

ηturb ≈ 1.6 ηλ, (35)

which shows the validity of the estimate of umax
rms in terms

of ṽλ. Equation (34) is useful for estimating the prop-
erties of magnetic field strength and coherence length at
later times. Therefore, we conclude that the numerical

FIG. 8. Comparison of ⟨µ±

M⟩ for Run II (red lines), Run J
(blue lines), and Run G (orange lines). The times ηACC are
marked by the correspondingly colored filled symbol at the
crossing points of the extrapolated η−2/3 decay law with the
initially constant values, indicated by dotted line. The η−4/3

decay law ⟨µ−

M⟩ is shown as the dashed-dotted line.

results support, at least for a moderate scale separation,
1 < |µ50|/k0 ! O(10), the theoretical estimate for the
evolution of the characteristic scales given in Sec. II E
with a more accurate determination of the time of the
onset of the scaling evolution, Eq. (34).

D. Evolution of ⟨µ5⟩ and ⟨µ±

M⟩

We now discuss how the chirality of the system evolves.
Using Eqs. (18) and (19), we divide the magnetic helicity
into ⟨µ+

M⟩ and ⟨µ−

M⟩. The typical evolution of ⟨µ5⟩ and
⟨µ±

M⟩ is as follows. (i) ⟨µ5⟩ and ⟨µ+
M⟩ stay constant until

the time η = ηµ+
M
, when the ACC commences exhibiting

a power law decay. (ii) ⟨µ−

M⟩ grows until the time η = ηµ−
M

and then decays.
As discussed in Sec. II E, the decay of ⟨µ5⟩ and ⟨µ+

M⟩
due to the ACC is expected to be like η−2/3. In Fig. 8,
we have overplotted the asymptotic η−2/3 decay laws of
magnetic helicity with results of some of the representa-
tive numerical runs (Runs II, J, and G), which clearly
shows that the numerical results support the theoretical
prediction.
The decay of ⟨µ−

M⟩ is faster than that of ⟨µ5⟩ and ⟨µ+
M⟩

and follows an approximate η−4/3 law, resulting in a de-
cay of the ratio ⟨µ−

M⟩/⟨µ+
M⟩ ∝ η−2/3. Therefore, unless

⟨µ−

M⟩ becomes comparable to ⟨µ+
M⟩ when the grow stops,

a complete cancellation between ⟨µ−

M⟩ and ⟨µ+
M⟩ never

occurs.
The production of ⟨µ−

M⟩ is expected to be a result of
the CPI. We now address the question of how much ⟨µ−

M⟩
is being produced and what its maximum value depends
on. Figure 8 shows that ⟨µ−

M⟩ is generally rather small,

(’23 Brandenburg, KK+)

- weaker amplification of negative helicity mode 
- Inverse cascade for long-wave length positive helicity mode  
  with the conservation of Hosking integral 
- chirality-helicity annihilation proceeds with a power law decay

This results are for mildly separated case.  
For large separation case, some of the features would differ.  
But not exponential but power-law decay of chirality and helicity 
would be common, though we need further investigation. 

The result turned out to be…
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T = 105GeV

Inflation EWSBRadiation domination

# At reheating, electric fields are screened while magnetic fields remain,  
   keeping the total (hyper)magnetic helicity.
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<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

# At reheating, electric fields are screened while magnetic fields remain,  
   keeping the total (hyper)magnetic helicity.

How do they evolve after reheating?

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5
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<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

How do they evolve after reheating?

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

exponential annihilation?

<latexit sha1_base64="EYU7pQUlOzena/rNXJ453vop8d0=">AAACNHicbVC7SgNBFJ31bXxFLW0Gg6JN3BWjlqKNZQSjghvD3cmNGZzZXWbuCmHJH/g1Fjb6I4Kd2NraOnkUGj0wcDjnXubcE6VKWvL9V29sfGJyanpmtjA3v7C4VFxeubBJZgTWRKIScxWBRSVjrJEkhVepQdCRwsvo7qTnX96jsTKJz6mTYl3DbSxbUgA5qVHcDAkyHlqpOd8KU7nDQ1BpG3ios0Zl+2aX74RI0CiW/LLfB/9LgiEpsSGqjeJX2ExEpjEmocDa68BPqZ6DISkUdgthZjEFcQe3eO1oDBptPe/f0+UbTmnyVmLci4n31Z8bOWhrOzpykxqobUe9nvivF+lfP+fWRWtjcyQOtQ7ruYzTjDAWgzStTHFKeK9B3pQGBamOIyCMdAdx0QYDglzPBddUMNrLX3KxWw72y5WzvdLR8bCzGbbG1tkWC9gBO2KnrMpqTLAH9sie2Yv35L15797HYHTMG+6ssl/wPr8B9iSp+Q==</latexit>

⌧ ⇠ (⇡/↵µ5)
2/⌘
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<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

How do they evolve after reheating?

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

exponential annihilation?
unlikely.

<latexit sha1_base64="EYU7pQUlOzena/rNXJ453vop8d0=">AAACNHicbVC7SgNBFJ31bXxFLW0Gg6JN3BWjlqKNZQSjghvD3cmNGZzZXWbuCmHJH/g1Fjb6I4Kd2NraOnkUGj0wcDjnXubcE6VKWvL9V29sfGJyanpmtjA3v7C4VFxeubBJZgTWRKIScxWBRSVjrJEkhVepQdCRwsvo7qTnX96jsTKJz6mTYl3DbSxbUgA5qVHcDAkyHlqpOd8KU7nDQ1BpG3ios0Zl+2aX74RI0CiW/LLfB/9LgiEpsSGqjeJX2ExEpjEmocDa68BPqZ6DISkUdgthZjEFcQe3eO1oDBptPe/f0+UbTmnyVmLci4n31Z8bOWhrOzpykxqobUe9nvivF+lfP+fWRWtjcyQOtQ7ruYzTjDAWgzStTHFKeK9B3pQGBamOIyCMdAdx0QYDglzPBddUMNrLX3KxWw72y5WzvdLR8bCzGbbG1tkWC9gBO2KnrMpqTLAH9sie2Yv35L15797HYHTMG+6ssl/wPr8B9iSp+Q==</latexit>

⌧ ⇠ (⇡/↵µ5)
2/⌘
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Slide Background Courtesy: H. Oide

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

How do they evolve after reheating?

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

likely power law decay
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<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

Chirality breaking electron Yukawa 
interaction becomes active at <latexit sha1_base64="gn1DcRSytAkaH40eRmz3MsFDSAI=">AAACJXicbVDLSgMxFM34rPU16sKFm2ARXJUZ8bUsunFZoS/olJJJb9vQJDMkGaEM/RoXbvRT3Ingys9wa6adhW09EDiccy8594QxZ9p43pezsrq2vrFZ2Cpu7+zu7bsHhw0dJYpCnUY8Uq2QaOBMQt0ww6EVKyAi5NAMR/eZ33wCpVkka2YcQ0eQgWR9RomxUtc9ruFAM4F9z8OBIGaoRFqDxqTrlryyNwVeJn5OSihHtev+BL2IJgKkoZxo3fa92HRSogyjHCbFINEQEzoiA2hbKokA3UmnB0zwmVV6uB8p+6TBU/XvRkqE1mMR2skso170MvFfLxRzP6faRhtCbyGO6d92UibjxICkszT9hGMT4awy3GMKqOFjSwhVzB6E6ZAoQo0ttmib8hd7WSaNi7J/Xb56vCxV7vLOCugEnaJz5KMbVEEPqIrqiKIJekav6M15cd6dD+dzNrri5DtHaA7O9y/I3qTw</latexit>

T ⇠ 100TeV

Together with the “EW sphaleron”, 
baryon and chirality is washed out.

(’92 Campbell+)

<latexit sha1_base64="gn1DcRSytAkaH40eRmz3MsFDSAI=">AAACJXicbVDLSgMxFM34rPU16sKFm2ARXJUZ8bUsunFZoS/olJJJb9vQJDMkGaEM/RoXbvRT3Ingys9wa6adhW09EDiccy8594QxZ9p43pezsrq2vrFZ2Cpu7+zu7bsHhw0dJYpCnUY8Uq2QaOBMQt0ww6EVKyAi5NAMR/eZ33wCpVkka2YcQ0eQgWR9RomxUtc9ruFAM4F9z8OBIGaoRFqDxqTrlryyNwVeJn5OSihHtev+BL2IJgKkoZxo3fa92HRSogyjHCbFINEQEzoiA2hbKokA3UmnB0zwmVV6uB8p+6TBU/XvRkqE1mMR2skso170MvFfLxRzP6faRhtCbyGO6d92UibjxICkszT9hGMT4awy3GMKqOFjSwhVzB6E6ZAoQo0ttmib8hd7WSaNi7J/Xb56vCxV7vLOCugEnaJz5KMbVEEPqIrqiKIJekav6M15cd6dD+dzNrri5DtHaA7O9y/I3qTw</latexit>

T ⇠ 100TeV

29/32



Slide Background Courtesy: H. Oide

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre

<latexit sha1_base64="DVyXB4FK9r5ssJ6tQQZFT2utHUE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRlD1CXBjUtMBExgQjqdO1BpO5O2Y0Im/IMLN/op7oxbf8AvcWuBWQh4kiYn59ybe3qChDNtXPfbKaytb2xuFbdLO7t7+wflw6O2jlNFoUVjHquHgGjgTELLMMPhIVFARMChE4xupn7nCZRmsbw34wR8QQaSRYwSY6V2DwzpN/rlilt1Z8CrxMtJBeVo9ss/vTCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI7IALqWSiJA+9ks7QSfWSXEUazskwbP1L8bGRFaj0VgJwUxQ73sTcV/vUAsXM60jTaEcCmOia79jMkkNSDpPE2UcmxiPO0Hh0wBNXxsCaGK2Q9hOiSKUGNbLNmmvOVeVkn7oupdVmt3tUq9kXdWRCfoFJ0jD12hOrpFTdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgE1uJ51</latexit>⌘B

<latexit sha1_base64="D/CFiXJCvHLOYgJSi2R+OGJ58vM=">AAACMnicbVC7TsMwFHV4lvIKMLJYFARTlZSqMFawMBaJPlATIsdxGqvOQ7aDVEX5Ab6GgQX+BDbEys6K22agLUeydHTOvfK5x00YFdIw3rWl5ZXVtfXSRnlza3tnV9/b74g45Zi0ccxi3nORIIxGpC2pZKSXcIJCl5GuO7we+91HwgWNozs5SogdokFEfYqRVJKjH1s+Rzg7H5w+1PLMbEAroYrBqRw493kmckevGFVjArhIzIJUQIGWo/9YXozTkEQSMyRE3zQSaWeIS4oZyctWKkiC8BANSF/RCIVE2NnkmhyeKMWDfszViyScqH83MhQKMQpdNRkiGYh5byz+67nhzM+ZUNEC4s3Fkf6lndEoSSWJ8DSNnzIoYzjuD3qUEyzZSBGEOVUHQRwgVZZULZdVU+Z8L4ukU6uajWr9tl5pXhWdlcAhOAJnwAQXoAluQAu0AQZP4Bm8gjftRfvQPrWv6eiSVuwcgBlo378Dy6q7</latexit>

3g02

16⇡2

hY

s

<latexit sha1_base64="QsHyveqd65E76m2EsUa8zj+vhPo=">AAACIXicbVDLSgMxFM3UV62v0S7dBIvgqsyIr41QdKHLCn1BW0smvW1Dk8yQZIRh6Le4cKOf4k7ciR/i1vSxsK0HAodz7uWenCDiTBvP+3IyK6tr6xvZzdzW9s7unrt/UNNhrChUachD1QiIBs4kVA0zHBqRAiICDvVgeDv260+gNAtlxSQRtAXpS9ZjlBgrddx85dr3Hs9xSxAzUCK9g9qo4xa8ojcBXib+jBTQDOWO+9PqhjQWIA3lROum70WmnRJlGOUwyrViDRGhQ9KHpqWSCNDtdBJ+hI+t0sW9UNknDZ6ofzdSIrRORGAnxxn1ojcW//UCMXc51TbaALoLcUzvqp0yGcUGJJ2m6cUcmxCP68JdpoAanlhCqGL2Q5gOiCLU2FJztil/sZdlUjst+hfFs4ezQulm1lkWHaIjdIJ8dIlK6B6VURVRlKBn9IrenBfn3flwPqejGWe2k0dzcL5/Aedlo3U=</latexit>

T = 105GeV

Inflation EWSBRadiation domination

<latexit sha1_base64="VM0BIE9yfQ0jXjAfwsPOWIG2QqQ=">AAACEnicbVDLSgMxFM34rPVVdekmWARXZUasuiy6cVnBPqAdSiZzp41NMkOSEcrQf3DhRj/Fnbj1B/wSt6btLGzrgcDhnHu5JydIONPGdb+dldW19Y3NwlZxe2d3b790cNjUcaooNGjMY9UOiAbOJDQMMxzaiQIiAg6tYHg78VtPoDSL5YMZJeAL0pcsYpQYKzW7YEiv2iuV3Yo7BV4mXk7KKEe9V/rphjFNBUhDOdG647mJ8TOiDKMcxsVuqiEhdEj60LFUEgHaz6Zpx/jUKiGOYmWfNHiq/t3IiNB6JAI7KYgZ6EVvIv7rBWLucqZttAGEC3FMdO1nTCapAUlnaaKUYxPjST84ZAqo4SNLCFXMfgjTAVGEGtti0TblLfayTJrnFe+yUr2/KNdu8s4K6BidoDPkoStUQ3eojhqIokf0jF7Rm/PivDsfzudsdMXJd47QHJyvXyB1nmk=</latexit>⌘5

Chirality breaking electron Yukawa 
interaction becomes active at <latexit sha1_base64="gn1DcRSytAkaH40eRmz3MsFDSAI=">AAACJXicbVDLSgMxFM34rPU16sKFm2ARXJUZ8bUsunFZoS/olJJJb9vQJDMkGaEM/RoXbvRT3Ingys9wa6adhW09EDiccy8594QxZ9p43pezsrq2vrFZ2Cpu7+zu7bsHhw0dJYpCnUY8Uq2QaOBMQt0ww6EVKyAi5NAMR/eZ33wCpVkka2YcQ0eQgWR9RomxUtc9ruFAM4F9z8OBIGaoRFqDxqTrlryyNwVeJn5OSihHtev+BL2IJgKkoZxo3fa92HRSogyjHCbFINEQEzoiA2hbKokA3UmnB0zwmVV6uB8p+6TBU/XvRkqE1mMR2skso170MvFfLxRzP6faRhtCbyGO6d92UibjxICkszT9hGMT4awy3GMKqOFjSwhVzB6E6ZAoQo0ttmib8hd7WSaNi7J/Xb56vCxV7vLOCugEnaJz5KMbVEEPqIrqiKIJekav6M15cd6dD+dzNrri5DtHaA7O9y/I3qTw</latexit>

T ⇠ 100TeV

Together with the “EW sphaleron”, 
baryon and chirality is washed out.

(’92 Campbell+)

<latexit sha1_base64="gn1DcRSytAkaH40eRmz3MsFDSAI=">AAACJXicbVDLSgMxFM34rPU16sKFm2ARXJUZ8bUsunFZoS/olJJJb9vQJDMkGaEM/RoXbvRT3Ingys9wa6adhW09EDiccy8594QxZ9p43pezsrq2vrFZ2Cpu7+zu7bsHhw0dJYpCnUY8Uq2QaOBMQt0ww6EVKyAi5NAMR/eZ33wCpVkka2YcQ0eQgWR9RomxUtc9ruFAM4F9z8OBIGaoRFqDxqTrlryyNwVeJn5OSihHtev+BL2IJgKkoZxo3fa92HRSogyjHCbFINEQEzoiA2hbKokA3UmnB0zwmVV6uB8p+6TBU/XvRkqE1mMR2skso170MvFfLxRzP6faRhtCbyGO6d92UibjxICkszT9hGMT4awy3GMKqOFjSwhVzB6E6ZAoQo0ttmib8hd7WSaNi7J/Xb56vCxV7vLOCugEnaJz5KMbVEEPqIrqiKIJekav6M15cd6dD+dzNrri5DtHaA7O9y/I3qTw</latexit>

T ⇠ 100TeV

29/32



Slide Background Courtesy: H. Oide

<latexit sha1_base64="LT94UECCdIyRLfTlR+DwBNw10es=">AAACEnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsKfQjtUDKZO21skhmSjFCG/oMLN/op7sStP+CXuDVtZ2FbDwQO59zLPTlBwpk2rvvtFNbWNza3itulnd29/YPy4VFbx6mi0KIxj9VDQDRwJqFlmOHwkCggIuDQCUa3U7/zBEqzWDbNOAFfkIFkEaPEWKlNcK+Hm/1yxa26M+BV4uWkgnI0+uWfXhjTVIA0lBOtu56bGD8jyjDKYVLqpRoSQkdkAF1LJRGg/WyWdoLPrBLiKFb2SYNn6t+NjAitxyKwk4KYoV72puK/XiAWLmfaRhtCuBTHRNd+xmSSGpB0niZKOTYxnvaDQ6aAGj62hFDF7IcwHRJFqLEtlmxT3nIvq6R9UfUuq7X7WqV+k3dWRCfoFJ0jD12hOrpDDdRCFD2iZ/SK3pwX5935cD7nowUn3zlGC3C+fgFPA53r</latexit> a

T<latexit sha1_base64="vK7BEgZHDUNfewD73TtAefuPxjs=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rIogssKfUEbymRy0w6dSeLMRCih3+HCjX6KO3Hryi9x66TNwrYeGDiccy/3zPFizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiSFFo14JLseUcBZCC3NNIduLIEIj0PHG99mfucJpGJR2NSTGFxBhiELGCXaSG5z0BdEj6RI7zrTQbliV+0Z8CpxclJBORqD8k/fj2giINSUE6V6jh1rNyVSM8phWuonCmJCx2QIPUNDIkC56Sz0FJ8ZxcdBJM0LNZ6pfzdSIpSaCM9MZhHVspeJ/3qeWLicKhNtBP5SHB1cuykL40RDSOdpgoRjHeGsJuwzCVTziSGESmY+hOmISEK1KbNkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRPWqgFqLoET2jV/RmvVjv1of1OR8tWPnOMVqA9fULOvehsA==</latexit>

TEW
<latexit sha1_base64="BCBdodmqMhNP0z+rpi054Diad9M=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRIp6rLoxpVU6AuaUCaTm3boTBJnJkIJ/Q0XbvRT3Ilbd36JW6dtFrb1wMDhnHu5Z46fcKa0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWcSoptGjMY9n1iQLOImhppjl0EwlE+Bw6/uh26neeQCoWR009TsATZBCxkFGijeQ2sauYgEcs+vf9csWu2jPgVeLkpIJyNPrlHzeIaSog0pQTpXqOnWgvI1IzymFSclMFCaEjMoCeoRERoLxslnmCz4wS4DCW5kUaz9S/GxkRSo2FbyYF0UO17E3Ffz1fLFzOlIk2hGApjg6vvYxFSaohovM0YcqxjvG0JRwwCVTzsSGESmY+hOmQSEK16bJkmnKWe1kl7Yuqc1mtPdQq9Zu8syI6QafoHDnoCtXRHWqgFqIoQc/oFb1ZL9a79WF9zkcLVr5zjBZgff0CX9ygow==</latexit>

T ' mN

<latexit sha1_base64="zpGqI5inYgQwpgM18DDL1OoZcgw=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtWDKZ2zY0yQxJRihD/8OFG/0Ud+LWjV/i1kw7C9t6IHA4517uyQlizrRx3W+nsLa+sblV3C7t7O7tH5QPj1o6ShSFJo14pDoB0cCZhKZhhkMnVkBEwKEdjG8zv/0ESrNIPphJDL4gQ8kGjBJjpUfS7wliRkqkIMNpv1xxq+4MeJV4OamgHI1++acXRjQRIA3lROuu58bGT4kyjHKYlnqJhpjQMRlC11JJBGg/naWe4jOrhHgQKfukwTP170ZKhNYTEdjJLKNe9jLxXy8QC5dTbaONIFyKYwbXfspknBiQdJ5mkHBsIpz1hEOmgBo+sYRQxeyHMB0RRaixbZZsU95yL6ukdVH1Lqu1+1qlfpN3VkQn6BSdIw9doTq6Qw3URBQp9Ixe0Zvz4rw7H87nfLTg5DvHaAHO1y99WaJi</latexit>aend

<latexit sha1_base64="BSyKsvXFFPyylnukZVOAXytCf7M="></latexit>

⌘B ,
3g02

16⇡2

hY

s

<latexit sha1_base64="B+M+H/3DLOUEC4y2VaKPfJLX2w8=">AAACHXicbVDLSsNAFJ3UV62PRl26CRbBVUmkqBuh6MZlhb6gDWEyuWmHziRhZiKU0C9x4UY/xZ24Fb/ErZM2C9t6YOBwzr3cM8dPGJXKtr+N0sbm1vZOebeyt39wWDWPjrsyTgWBDolZLPo+lsBoBB1FFYN+IgBzn0HPn9znfu8JhKRx1FbTBFyORxENKcFKS55Zbd+2vSHHaix4JmDmmTW7bs9hrROnIDVUoOWZP8MgJimHSBGGpRw4dqLcDAtFCYNZZZhKSDCZ4BEMNI0wB+lm8+Az61wrgRXGQr9IWXP170aGuZRT7uvJPKJc9XLxX8/nS5czqaONIViJo8IbN6NRkiqIyCJNmDJLxVZelRVQAUSxqSaYCKo/ZJExFpgoXWhFN+Ws9rJOupd156reeGzUmndFZ2V0is7QBXLQNWqiB9RCHURQip7RK3ozXox348P4XIyWjGLnBC3B+PoFXE6iwQ==</latexit>

T = Tre
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At the EWSB, SM U(1) turns to our electromagnetic 
field, which induces baryon number.
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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
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where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual
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At the EWSB, SM U(1) turns to our electromagnetic 
field, which induces baryon number.
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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
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µ⌫
⌘

(2.4a)

S
bkg
y =

⇣ 1

sT

1

16⇡2

⌘
g02

⇣
cos2 ✓W(t)Aµ⌫Ã
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where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual
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would be su�cient to be the seed magnetic fields for the magnetic fields in the galaxy and
galaxy cluster [90].

Figure 3. Constraints on the magnetic fields at the EWSB, (5.3) and (5.4) in terms of the physical
quantities (Left) and those on the present magnetic fields, Eqs. (5.6) and (5.7) (Right) are shown. The
navy line in the right panel is the lower bounds of the IGMFs suggested by the blazar observations [44]
with an extrapolation (dotted line). In both panels, the gray shaded regions are the parameter spaces
that are inconsistent with the MHD. The green shaded regions are the allowed parameter spaces for
the delta-function model, while the yellow shaded regions are those for the power-law model with
↵ = 0.

Figures 3 exhibit quite di�erent allowed regions compared with Fig. 1 because the net
baryon asymmetry is fixed independently of the properties of the magnetic fields. Since
weaker magnetic fields that cannot generate the observed BAU is now allowed, viable pa-
rameter spaces are widely open. However, since the baryon isocurvature perturbation is
mainly carried by the non-helical part of the hypermagnetic fields, the constraints do not
change much for the stronger magnetic fields that can generate correct amount of the BAU,
which lie on the line that is determined by the eddy turnover scale (Eq. (3.13)).

Thus far we have not discussed the inflationary magnetogenesis that may have generated
a relatively flat spectrum ↵ < �4 up to the Mpc scales today with a comoving infrared cuto�
H0 < kIR < kd with H0 being the present Hubble parameter. In this case, we can write the
power spectrum as
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2

k
5
IR

✓
k

kIR

◆↵

exp

"
�
✓

k

k�
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with ✏fo = 0. Here B
IR
c,fo represents the magnetic field strength at the infrared cuto�. In a

similar way that is discussed in Eq. (4.15), we can evaluate the volume average of the baryon
isocurvature perturbation as

S
2
B,BBN ⇠

C2(BIR
c,fo)

4

⌘
2
Bk

2
IR

, (5.9)

which is almost equal to those for the delta-function like model or the power law with expo-
nential cuto� model. Therefore, we can conclude that even in this case, the magnetic field
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Summary
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- Blazar observation motivates us to study cosmological MHD. 
- New conserved quantity (Hosking integral) improved our understanding.  
- Chiral magnetic effect is an interesting effect for many fields of physics. 
- Magnetohydrodynamics is modified to Chiral Magnetohydrodynamics (CMHD) 
  taking into account it. 
- Chiral plasma instability can be used to explain the BAU as well as constrain 
  the phenomena in the early Universe. 
- Interesting behavior of CMHD is found with the balanced initial condition 
  of the chirality and helicity.  
- Axion inflation realizes such an initial condition, in which late time CMHD  
  evolution of the system is important for the baryon asymmetry of the Universe. 
- It is difficult to reconcile the blazar observation and BAU, but primordial MFs 
  are interesting as the origin of the BAU. 
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Q: Isn’t electric current induced by magnetic field?
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No, for usual media. Parity doesn’t allow it.
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The relevance of the CME and chiral anomaly
can be seen by looking at the Landau level
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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 
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3. Consider next  the hamiltonian version of  a 
general lattice regularized two-component  chiral fer- 
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ty conditions for the hamiltonian. The action is given 
by 
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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 
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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can be seen by looking at the Landau level
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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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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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with 03 = + 1. The energy levels are given by the 
Landau levels, 
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(n : 0, 1,2, ...) 

except for the n = 0 and 03 = -1 mode where 
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The eigenfunction takes the form 
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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. 
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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 
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the state per length L isLeH/4zr 2 and the creation 
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mion theory described by an N component fermion 
field ffk. We further assume the locality and hermici- 
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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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