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なぜ初期宇宙磁場か
U(1)ゲージ場のthermal massは電場のみをスクリーン 
するため、磁場はthermal plasma内でも長距離相関を 
持って存在できる。

初期宇宙において磁場生成機構があれば、輻射優勢期など 
radiationが十分多く存在する状況下では、stochastic field 
として扱え、磁気流体力学 (MHD) に従って発展

=> 熱平衡化しないので、重力波やニュートリノ同様、 
  　晴れ上がり以前の宇宙を「見る」プローブになりうる。
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現在の宇宙磁場
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銀河や銀河団磁場は銀河形成時のダイナモ
機構による増幅を経ているので、初期磁場
の情報を得るのが難しい。

銀河間ボイド磁場ならastrophysicalな増幅
が少なく、初期磁場の情報を比較的残してい
ると期待できる。

ボイド磁場?
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ボイド磁場の観測

TeVブレーザーからの二次カスケードGeVガンマ線が観測されないこと
をボイド磁場による電子陽電子対の軌道の湾曲で説明しようとすると、
ボイド磁場の強さに下限がつく
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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

1804.08035 (Fermi-LAT collaboration)
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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
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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.
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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.
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cascade photons which pass through the detector circle at a
given angle with respect to the normal to the sphere. This
procedure is equivalent to the injection of primary photons
in different directions at a fixed detector but is more time
efficient. For the sake of simplicity, we restrict our calcu-
lations here to the case when the source emits ! rays
isotropically. In this case the effects of distortion of the
circular symmetry of the surface brightness of the extended
source due to the finite opening angle of the blazar jet and
misalignment of the jet with respect to the line of sight do
not affect the measurement of EGMF strength. We leave
the investigation of the distortions of the morphology of
extended emission caused by specific geometries of the jet
for future investigation.

The results of numerical calculation of the energy-
dependent morphology of extended emission are shown
in Figs. 4 and 5 for a source at a distance D ¼ 120 Mpc
(equal to the distance of the blazar Mrk 421).

In the case of the calculation shown in Fig. 4 the EGMF
strength is assumed to be B ¼ 10"14 G. One can see that
strong deflections of the cascade electrons by the EGMF
lead in this case to a very large size of the extended
emission at the energies #0:1 TeV, with significant con-
tribution to the signal extending up to#4$ from the source.
Obviously, the extended emission at these energies cannot
be detected by a typical Cherenkov telescope array, which
has a FoV with the diameter #5$ (HESS) or #3$

(MAGIC) (shown as, respectively, solid and dashed circles

in Fig. 4). The extension of the source becomes smaller
than the size of HESS and MAGIC FoVs only at the
energies above #1 TeV.

FIG. 5 (color online). The same as Fig. 4 but for the EGMF
strength 10"15 G.

FIG. 4 (color online). The arrival directions of the primary and
secondary cascade ! rays (circles) from a source at a distance
D ¼ 120 Mpc. The EGMF strength is 10"14 G. The sizes of the
circles representing each photon are proportional to the photon
energies. The blue dashed circle has radius 1.5$, equal to the
radius of the FoV or MAGIC telescope. The radius of the red
solid circle is 2.5$, which corresponds to the size of the FoV of
the HESS telescope.
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FIG. 3 (color online). Scheme of Monte Carlo calculations of
the extended emission.
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cascade photons which pass through the detector circle at a
given angle with respect to the normal to the sphere. This
procedure is equivalent to the injection of primary photons
in different directions at a fixed detector but is more time
efficient. For the sake of simplicity, we restrict our calcu-
lations here to the case when the source emits ! rays
isotropically. In this case the effects of distortion of the
circular symmetry of the surface brightness of the extended
source due to the finite opening angle of the blazar jet and
misalignment of the jet with respect to the line of sight do
not affect the measurement of EGMF strength. We leave
the investigation of the distortions of the morphology of
extended emission caused by specific geometries of the jet
for future investigation.

The results of numerical calculation of the energy-
dependent morphology of extended emission are shown
in Figs. 4 and 5 for a source at a distance D ¼ 120 Mpc
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lead in this case to a very large size of the extended
emission at the energies #0:1 TeV, with significant con-
tribution to the signal extending up to#4$ from the source.
Obviously, the extended emission at these energies cannot
be detected by a typical Cherenkov telescope array, which
has a FoV with the diameter #5$ (HESS) or #3$

(MAGIC) (shown as, respectively, solid and dashed circles

in Fig. 4). The extension of the source becomes smaller
than the size of HESS and MAGIC FoVs only at the
energies above #1 TeV.

FIG. 5 (color online). The same as Fig. 4 but for the EGMF
strength 10"15 G.

FIG. 4 (color online). The arrival directions of the primary and
secondary cascade ! rays (circles) from a source at a distance
D ¼ 120 Mpc. The EGMF strength is 10"14 G. The sizes of the
circles representing each photon are proportional to the photon
energies. The blue dashed circle has radius 1.5$, equal to the
radius of the FoV or MAGIC telescope. The radius of the red
solid circle is 2.5$, which corresponds to the size of the FoV of
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B0 = 10�14G
# CTAの角度分解能は 0.1 TeVで0.1° 程度 (LST)

- ブレーザーの観測は本当に磁場で 
　説明されるものか 
- astrophysicalな生成、増幅が 
　dominantではないか

等の問題はあるが、初期宇宙の興味ある
現象 (相転移、インフレーションなど) に
おいて磁場が生成したり、重要な役割を
果たす可能性を考えることは有意義
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ハイパー磁場からのバリオン数生成
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ハイパー磁場からのバリオン数生成

まず初期宇宙磁場を考える動機を補強する現象を検討する
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長い相関長を持つヘリカルなハイパーU(1)磁場があれば、
サハロフの条件が満たされうる

標準模型におけるバリオン数の破れ
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(’76 ‘t Hooft)

(’69 Adler; Bell&Jackiw)カイラル量子異常
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電弱相転移前にハイパー磁場があって、そのヘリシティが変化すれば、
バリオン数とレプトン数が系に供給される。

バリオン数の破れ:  
　　標準模型のカイラル量子異常 
CとCPの破れ/熱平衡からの逸脱 
      長距離相関のヘリカルな磁場は 
　　CとCPを破るとともに、 
　　もともと熱平衡に入っていない
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注：次の山中さんの話はひとまず置いておいて、 
　　カイラル量子異常で粒子の非対称は物理的にできるものとする。
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ハイパー磁気ヘリシティは変化するか?

� � 100T
(’97 Baym+, ’00 Arnold+)

1. 有限の電気伝導度により削られる (’98 Giovannini&Shaposhnikov)

電磁場はMHD近似 (    を無視)したMaxwell方程式に従う
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2. 電弱相転移 (16 KK&Long)

✓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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ここで磁場は強度     と 
相関長　　で特徴付ける
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spectator processをintegrate outするとバリオン数の運動方程式が得られる

電気伝導度 電弱相転移 スファレロン
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

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

v2/T 2 = 2〈φ†φ〉/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable 〈φ†φ〉 is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative

130 140 150 160 170
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FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

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

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

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

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

(’14 D’Onofrio)

�W � exp[�145 + 0.8(T/GeV)]T

�e/T
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

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

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

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

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

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

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated
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Figure 2: Evolution of the baryon asymmetry in the presence of decaying helical magnetic field.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

cannot accommodate the blazar observations. Finally, we have already discussed that a causally-
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Figure 3: Evolution of the baryon asymmetry ⌘B during the EW crossover. The temporal coor-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

sumed that the weak mixing angle changes abruptly and discontinuously at T = 162 GeV while
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背後にある微妙な問題…スファレロンはバリオン数をウォッシュアウトしない?

電弱相転移 (crossover) の完了が先で、スファレロンのフリーズアウトが遅ければ
=> 最終的にバリオン数はかなりサプレスされる (’98 Giovannini&Shaposhnikov, but ’16 KK&Long)

スファレロンのフリーズアウトが先で, 電弱相転移 (crossover) の完了が遅ければ
=> 最終的にバリオン数はだいぶ残る

✓W(t)

BY Bem

BZ

BW 3

BA

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

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

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

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

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

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

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

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

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

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

according to the cosmic expansion and the inverse cascade.

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

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

be written as

S
bkg
w =

1

2

⇣ 1

sT

1

16⇡2

⌘
g2
⇣
sin2 ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4a)

S
bkg
y =

⇣ 1

sT

1

16⇡2

⌘
g02

⇣
cos2 ✓W(t)Aµ⌫Ã

µ⌫ � 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4b)

S
bkg
yw = 2

⇣ 1

sT

1

16⇡2

⌘
gg0

⇣
sin ✓W(t) cos ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
cos 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4c)

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

7

8

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

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

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

Op(z) =
∑

x1,x2

α12(x1, x2, z)e
ip·x, (22)

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

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

G(z) =
1

N3

∑

t

〈Op(t)O
∗
p
(z + t)〉 (23)

has the long distance behaviour [30]

G(z) →
Aγz

2βG

ap2
√

p2 +m2
γ

e−z
√

p2+m2
γ (24)

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

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

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

Asymm.
γ = 1−

z

48π
√
y

(25)

Abroken
γ = cos2 θW

(

1 +
11

12

g23 sin
2 θW

πmW

)

(26)

where mW is the perturbative W mass. These expres-
sions clearly anticipate the behaviour we observe on the
lattice, although they diverge as y → 0±.
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T/GeV
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cos2θW

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

VII. CONCLUSIONS

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

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

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

Latticeの結果

解析計算 (1-loop)
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

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

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

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

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

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

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated
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電弱クロスオーバーのLattice計算スファレロン反応率

125 GeV Higgsに基づく最近のLattice
の結果はバリオン数が残ることを示唆。  
ただし定量的には　　　の精確な値に強
く依存 
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解析結果を典型的な磁場の強さと相関長で表すと
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電弱相転移前に正のヘリシティを持ったハイパー磁場が生成されれば

適切な磁場の強さと相関長があれば現在のBAUを説明できる

※ここで磁気ヘリシティ (密度) は電磁場の右巻きモードと左巻きモードの差なので、 
　相関長を超えたスケールで同じ値をとりうる
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from the individual p-values for each source, Paccept,k, where Ns

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

accept,com( )

4. RESULTS

4.1. Results with Conservative Assumptions

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

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

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

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

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

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

4.2. Robustness

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

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

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

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

宇宙論的MHDの結果を用いて現在のボイド磁場の値で表してみる

Maximally helical
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✏ ⇠ 10�9

ヘリシティ比が　　　　であれば 
ボイド磁場とBAUを同時に説明可能?
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✏ < 10�9

より大きなヘリシティ比の磁場もBAUは説
明可能。 
ただしボイド磁場を説明するには電弱相転
移後に磁場増幅/別の磁場生成機構が必要
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揺らぎを見るとさらにきつい制限が課せられる’21 KK, Uchida, Yokoyama

磁場のスペクトルを仮定すると、バリオン等曲率揺らぎが評価できる。
=> CMBや非一様BBNで制限がつけられる
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揺らぎを見るとさらにきつい制限が課せられる’21 KK, Uchida, Yokoyama

磁場のスペクトルを仮定すると、バリオン等曲率揺らぎが評価できる。
=> CMBや非一様BBNで制限がつけられる

バリオン等曲率揺らぎは                                     と評価されるから、 
平均ヘリシティが0            でもnonzeroの値をとりうる
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揺らぎを見るとさらにきつい制限が課せられる’21 KK, Uchida, Yokoyama

磁場のスペクトルを仮定すると、バリオン等曲率揺らぎが評価できる。
=> CMBや非一様BBNで制限がつけられる

バリオン等曲率揺らぎは                                     と評価されるから、 
平均ヘリシティが0            でもnonzeroの値をとりうる

<latexit sha1_base64="W+y2rxpmJvWZ+w6a/yER+dOJm54="></latexit>

h⌘B(k)⌘B(k0)i / hHY (k)HY (k
0)i

<latexit sha1_base64="DTlGkDXTCa4nRr4ijQj7eZIUuPk=">AAACJHicbVC7SgNBFJ2Nrxhfq4KNzWAQrMKuitoIQZuUEcxDsiHMzt5NhszOLjOzQljzMxY2+il2YmHjb9g6eRQm8cDA4Zx7uWeOn3CmtON8Wbml5ZXVtfx6YWNza3vH3t2rqziVFGo05rFs+kQBZwJqmmkOzUQCiXwODb9/O/IbjyAVi8W9HiTQjkhXsJBRoo3UsQ88TkSXA650HrAnJ/za6dhFp+SMgReJOyVFNEW1Y/94QUzTCISmnCjVcp1EtzMiNaMchgUvVZAQ2iddaBkqSASqnY3zD/GxUQIcxtI8ofFY/buRkUipQeSbyYjonpr3RuK/nh/NXM6UidaDYC6ODq/aGRNJqkHQSZow5VjHeNQYDpgEqvnAEEIlMx/CtEckodr0WjBNufO9LJL6acm9KJ3dnRfLN9PO8ugQHaET5KJLVEYVVEU1RNETekav6M16sd6tD+tzMpqzpjv7aAbW9y//Y6R/</latexit>

hHY i = 0

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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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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初期宇宙磁場とBAUに関するまとめ
- 電弱相転移以前にできたヘリカルなハイパー磁場は、現在の宇宙のBAUを説明しうる。 
- 一方で、電弱相転移以前にできたハイパー磁場はその平均ヘリシティの有無によらず 
  バリオン等曲率揺らぎを作り、非一様BBNやCMBで制限される。 
- ブレーザーで示唆されたボイド磁場は、後者の制限により、電弱相転移以降に作られた 
  か、unknownな機構によって増幅されたものでなければならない。
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初期宇宙磁場とBAUに関するまとめ
- 電弱相転移以前にできたヘリカルなハイパー磁場は、現在の宇宙のBAUを説明しうる。 
- 一方で、電弱相転移以前にできたハイパー磁場はその平均ヘリシティの有無によらず 
  バリオン等曲率揺らぎを作り、非一様BBNやCMBで制限される。 
- ブレーザーで示唆されたボイド磁場は、後者の制限により、電弱相転移以降に作られた 
  か、unknownな機構によって増幅されたものでなければならない。

- BSMの模型でヘリカルなハイパー磁場を電弱相転移以前に作ればBAUを説明しうる。 
  (インフレーションなど) 
- BSMの模型で電弱相転移以前にハイパー磁場を作り過ぎてしまうものは排除される。 
  (weak mixing angleの時間変化とsphaleronの関係が変化すれば生き返る。) 
- BSMの模型で電弱相転移時かそれ以降に磁場を作ってボイド磁場を説明する方向性? 
  (電弱あるいはQCD相転移を一次にするなど)



Courtesy: H. Oide

磁場生成機構の例
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磁場生成機構の例

ここではバリオン数を説明しうるヘリカルな磁場を作る機構に注目する
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Axionインフレーション/擬スカラー場の運動
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(’06 Anber+, and many others including  ’17 Jimenez, KK, Schmitz, Xu )

インフレーション中,           => 片方のヘリシティモードだけが成長
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Figure 5: Baryon asymmetry ⌘B = nB/s as a function of the instability parameter ⇠ and the Hubble rate H;

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

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

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

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

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

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

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

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

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

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

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

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

which translates into an uncertainty in the final baryon asymmetry,
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1013GeV
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. (62)

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

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

⇠ 10�10 [95], can be

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

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

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

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

2.9⇥ 1017GeV . ⇤ . 4.3⇥ 1017GeV . (63)
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最大限にヘリカルなハイパー磁場:
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- (シュウィンガー効果による反作用)
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FIG. 2. Baryon asymmetry of the Universe compatible with the observed value assuming the upper bound on ÊY B̂Y is saturated (left
panel) or assuming the equilibrium value for ÊY B̂Y (right panel). The dark green bands indicate a baryon asymmetry in agreement
with the observed value, ¥obs ' 9£ 10°11, for f (µW , T̂ ) between fmax (dashed line) and fmin (solid line). The dashed green lines show
contours of ¥B for f = fmax. The yellow region indicates an overproduction of the baryon asymmetry, ¥B > ¥obs, whereas all white
regions correspond to a too small baryon asymmetry. In particular, in the region below the solid blue line magnetic diffusion is likely to
be efficient, corresponding to a small magnetic Reynolds number. For reference, the dashed blue lines indicate Rm = {1/3,3}, respectively,
and the dashed-dotted blue line indicates our most conservative estimate of the magnetic Reynolds number. The region above the red
line is excluded because the plasma instability occurs before the electron Yukawa coupling becomes relevant. For reference, the dashed
red lines correspond to T̂CPI = {104,106} GeV, respectively. The gray line indicates the limitation of the MHD approximation. We recall that
for ª. 4 (left panel) and ª. 9 (right panel) significant uncertainties might arise from the (model-dependent) reheating dynamics.
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One may find an attractor solution to the evolution equa-
tion for the baryonic charge by requiring that @¥qB = 0, i.e.,
a dynamical equilibrium between the washout and produc-
tion terms. After the completion of the EW phase transition,
∞W,sph becomes exponentially small and @¥µW goes to zero
and the baryon asymmetry becomes frozen. The resulting
asymmetry can be estimated as,

¥B = qB

s
' 17

37

∑
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)
f (µW , T̂ )S
∞W,sph

∏

T=135 GeV
, (51)

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

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

a
3) encodes the Chern-

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

with

fmin = 5.6£10°4 , fmax = 0.32. (52)

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

S =° 5

8º3
p

10 g§

hÊY ·B̂Y irh

T̂ 2MPlHrh

µ
T̂

T̂rh

∂3

. (53)

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

Viable parameter space for baryogenesis. Assuming in-
stantaneous reheating, the baryon asymmetry in Eq. (51)
depends only on the energy scale of inflation, Hrh, and the
parameter ª governing the amplitude of the primordial hy-
per gauge fields hÊY B̂Y irh. In Fig. 2, we show the result-
ing baryon asymmetry in this plane, together with the con-
ditions required to sustain the helicity stored in the hyper
magnetic field until the EW phase transition. For the left
panel, we assume that the hyper gauge fields generated dur-
ing inflation saturate the upper bound, as depicted by the
solid lines in Fig. 1. For the right panel, we assume fast
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Figure 5: Baryon asymmetry ⌘B = nB/s as a function of the instability parameter ⇠ and the Hubble rate H;

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

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

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

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

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

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

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

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

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

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

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

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

which translates into an uncertainty in the final baryon asymmetry,
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This expression for ⌘B is one of the main results of our paper. We show ⌘B as a function of

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

⇠ 10�10 [95], can be

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

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

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

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

2.9⇥ 1017GeV . ⇤ . 4.3⇥ 1017GeV . (63)
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FIG. 2. Baryon asymmetry of the Universe compatible with the observed value assuming the upper bound on ÊY B̂Y is saturated (left
panel) or assuming the equilibrium value for ÊY B̂Y (right panel). The dark green bands indicate a baryon asymmetry in agreement
with the observed value, ¥obs ' 9£ 10°11, for f (µW , T̂ ) between fmax (dashed line) and fmin (solid line). The dashed green lines show
contours of ¥B for f = fmax. The yellow region indicates an overproduction of the baryon asymmetry, ¥B > ¥obs, whereas all white
regions correspond to a too small baryon asymmetry. In particular, in the region below the solid blue line magnetic diffusion is likely to
be efficient, corresponding to a small magnetic Reynolds number. For reference, the dashed blue lines indicate Rm = {1/3,3}, respectively,
and the dashed-dotted blue line indicates our most conservative estimate of the magnetic Reynolds number. The region above the red
line is excluded because the plasma instability occurs before the electron Yukawa coupling becomes relevant. For reference, the dashed
red lines correspond to T̂CPI = {104,106} GeV, respectively. The gray line indicates the limitation of the MHD approximation. We recall that
for ª. 4 (left panel) and ª. 9 (right panel) significant uncertainties might arise from the (model-dependent) reheating dynamics.
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One may find an attractor solution to the evolution equa-
tion for the baryonic charge by requiring that @¥qB = 0, i.e.,
a dynamical equilibrium between the washout and produc-
tion terms. After the completion of the EW phase transition,
∞W,sph becomes exponentially small and @¥µW goes to zero
and the baryon asymmetry becomes frozen. The resulting
asymmetry can be estimated as,

¥B = qB

s
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37
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)
f (µW , T̂ )S
∞W,sph

∏

T=135 GeV
, (51)

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

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

a
3) encodes the Chern-

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

with

fmin = 5.6£10°4 , fmax = 0.32. (52)

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

S =° 5

8º3
p
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hÊY ·B̂Y irh

T̂ 2MPlHrh
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T̂rh
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. (53)

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

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

(’19 Domcke+)

対消滅が T~ 100 TeV (電子湯川の平衡温度) まで起こらなければ、一旦バリオン数だけが消され、 
電弱相転移期にハイパー磁場からのバリオン数変換が起こる。

バリオン数-磁気ヘリシティ対消滅が起こりうる。(’19 Domcke+)
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Figure 5: Baryon asymmetry ⌘B = nB/s as a function of the instability parameter ⇠ and the Hubble rate H;

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

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

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

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

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

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

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

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

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

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

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

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

which translates into an uncertainty in the final baryon asymmetry,
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This expression for ⌘B is one of the main results of our paper. We show ⌘B as a function of

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

⇠ 10�10 [95], can be

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

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

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

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

2.9⇥ 1017GeV . ⇤ . 4.3⇥ 1017GeV . (63)
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FIG. 2. Baryon asymmetry of the Universe compatible with the observed value assuming the upper bound on ÊY B̂Y is saturated (left
panel) or assuming the equilibrium value for ÊY B̂Y (right panel). The dark green bands indicate a baryon asymmetry in agreement
with the observed value, ¥obs ' 9£ 10°11, for f (µW , T̂ ) between fmax (dashed line) and fmin (solid line). The dashed green lines show
contours of ¥B for f = fmax. The yellow region indicates an overproduction of the baryon asymmetry, ¥B > ¥obs, whereas all white
regions correspond to a too small baryon asymmetry. In particular, in the region below the solid blue line magnetic diffusion is likely to
be efficient, corresponding to a small magnetic Reynolds number. For reference, the dashed blue lines indicate Rm = {1/3,3}, respectively,
and the dashed-dotted blue line indicates our most conservative estimate of the magnetic Reynolds number. The region above the red
line is excluded because the plasma instability occurs before the electron Yukawa coupling becomes relevant. For reference, the dashed
red lines correspond to T̂CPI = {104,106} GeV, respectively. The gray line indicates the limitation of the MHD approximation. We recall that
for ª. 4 (left panel) and ª. 9 (right panel) significant uncertainties might arise from the (model-dependent) reheating dynamics.
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One may find an attractor solution to the evolution equa-
tion for the baryonic charge by requiring that @¥qB = 0, i.e.,
a dynamical equilibrium between the washout and produc-
tion terms. After the completion of the EW phase transition,
∞W,sph becomes exponentially small and @¥µW goes to zero
and the baryon asymmetry becomes frozen. The resulting
asymmetry can be estimated as,
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where the temperature at which the expression is evalu-
ated is determined from numerical simulations [8]. Fur-
thermore, s = (2º2/45) g§T

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

a
3) encodes the Chern-

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

with

fmin = 5.6£10°4 , fmax = 0.32. (52)

Using Eq. (19) and helicity conservation after reheating, we
find
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Note again that the sign of hÊY ·B̂Y irh is proportional to ∏,
i.e., the sign of ¡̇. Hence, to have a positive ¥B , we need a
negative ¡̇.

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

(’19 Domcke+)

対消滅が T~ 100 TeV (電子湯川の平衡温度) まで起こらなければ、一旦バリオン数だけが消され、 
電弱相転移期にハイパー磁場からのバリオン数変換が起こる。

バリオン数-磁気ヘリシティ対消滅が起こりうる。(’19 Domcke+) 数値MHD研究者と解析中
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Figure 5: Baryon asymmetry ⌘B = nB/s as a function of the instability parameter ⇠ and the Hubble rate H;

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

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

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

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

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

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

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

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

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

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

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

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

which translates into an uncertainty in the final baryon asymmetry,
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This expression for ⌘B is one of the main results of our paper. We show ⌘B as a function of

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

⇠ 10�10 [95], can be

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

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

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

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

2.9⇥ 1017GeV . ⇤ . 4.3⇥ 1017GeV . (63)
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FIG. 2. Baryon asymmetry of the Universe compatible with the observed value assuming the upper bound on ÊY B̂Y is saturated (left
panel) or assuming the equilibrium value for ÊY B̂Y (right panel). The dark green bands indicate a baryon asymmetry in agreement
with the observed value, ¥obs ' 9£ 10°11, for f (µW , T̂ ) between fmax (dashed line) and fmin (solid line). The dashed green lines show
contours of ¥B for f = fmax. The yellow region indicates an overproduction of the baryon asymmetry, ¥B > ¥obs, whereas all white
regions correspond to a too small baryon asymmetry. In particular, in the region below the solid blue line magnetic diffusion is likely to
be efficient, corresponding to a small magnetic Reynolds number. For reference, the dashed blue lines indicate Rm = {1/3,3}, respectively,
and the dashed-dotted blue line indicates our most conservative estimate of the magnetic Reynolds number. The region above the red
line is excluded because the plasma instability occurs before the electron Yukawa coupling becomes relevant. For reference, the dashed
red lines correspond to T̂CPI = {104,106} GeV, respectively. The gray line indicates the limitation of the MHD approximation. We recall that
for ª. 4 (left panel) and ª. 9 (right panel) significant uncertainties might arise from the (model-dependent) reheating dynamics.
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= 111µB /34. See Appendix A

for details.

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

¥B = qB

s
' 17

37

∑
(g

2
W

+ g
2
Y

)
f (µW , T̂ )S
∞W,sph

∏

T=135 GeV
, (51)

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

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

a
3) encodes the Chern-

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

with

fmin = 5.6£10°4 , fmax = 0.32. (52)

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

S =° 5

8º3
p

10 g§

hÊY ·B̂Y irh

T̂ 2MPlHrh

µ
T̂

T̂rh

∂3

. (53)

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

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

(’19 Domcke+)

(’21 Domcke, KK, Mukaida, Schmitz, Yamada)

右巻きニュートリノがあると 
Wash-in processも起こせる

バリオン数-磁気ヘリシティ対消滅が起こりうる。(’19 Domcke+)

対消滅が T~ 100 TeV (電子湯川の平衡温度) まで起こらなければ、一旦バリオン数だけが消され、 
電弱相転移期にハイパー磁場からのバリオン数変換が起こる。
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カイラル磁気不安定性
.. カイラル磁気効果が磁場に不安定性をもたらす

(’97 Joyce&Schaposhnikov, ’13 Akamatsu&Yamamoto, ’17 Schober+, ’18 KK)

カイラル磁気効果入りのMaxwell 方程式

CME
+

2�

�
µ5B
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dB

d⌧
= �r⇥E, r⇥B = J , J = �(E + v ⇥B)

片方のヘリシティモードが成長する

(’97 Joyce&Shaposhnikov)

k � kc �
�Y µY
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最大限にヘリカルな磁場ができる
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ただし修正されたカイラリティ保存則が満たされる: 
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速度場を入れたfull MHDによる解析
11

is given by

γmax
α =

(vµ + αµ)2

4(η + η
T
)
=

(vµ + αµ)2

4η (1 + Re
M
/3)

. (46)

For small magnetic Reynolds numbers, Re
M
= u0$0/η =

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

inar v2µ dynamo; see Equation (27).
As was shown in Paper I, the CME in the presence of

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

αµ = −
2

3
vµ lnReM

. (47)

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

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

large fluid and magnetic Reynolds numbers, vµ " |αµ|,
and we can neglect vµ in these equations. This regime
corresponds to the large-scale α2

µ dynamo.

4.2. DNS of chiral magnetically driven turbulence

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

plied by 2/λ), and 〈A·B〉+2µrms/λ of chiral magnetically
driven turbulence is shown in the top panel of Figure 9.
Four phases can be distinguished:
(1) The kinematic phase of small-scale chiral dynamo

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

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

scale dynamos. In particular, the evolution of Brms for
t > 0.12tη is affected by the velocity field. During this
phase, the velocity stays approximately constant, while
the magnetic field continues to increase at a reduced
growth rate in comparison with that of the small-scale
chiral dynamo instability. In this phase, we also observe
the formation of inverse energy transfer with a k−2 mag-
netic energy spectrum that was previously found and
comprehensively analyzed by Brandenburg et al. (2017b)
in DNS of chiral MHD with different parameters.
(4) The third nonlinear phase resulting in saturation

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

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

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

’17 Schober+

12

E
K
/(
µ
0
η
2
)
an

d
E

M
/(
µ
0
η
2
)

k

EK

EM

1/(λµ)

10−15

10−10

10−5

100

105

1010

1 10 100

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)
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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,

’17 Schober+

確かに磁場の増幅が起こり、カイラリティがすべてヘリシティに移される
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GUT baryogenesis-like scenarioでカイラル非対称はできる

GUT baryogenesis => ヘリカルな磁場生成 
　　　　　　　　　 => バリオン数生成@電弱相転移

で、GUT baryogenesisをSphaleron washoutから救える。
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GUT baryogenesis-like scenarioでカイラル非対称はできる

GUT baryogenesis => ヘリカルな磁場生成 
　　　　　　　　　 => バリオン数生成@電弱相転移

で、GUT baryogenesisをSphaleron washoutから救える。

Large lepton flavor asymmetry @ T>100 TeV
=> 化学平衡下で自動的にカイラル非対称になる。

=> ヘリカルな磁場生成 => バリオン数生成@電弱相転移

Lepton flavor asymmetryへの制限
(’22 Domcke, KK, Mukaida, Schmitz, Yamada)

次の物理学会で話します。
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1. 初期宇宙を探るプローブとしての初期宇宙磁場 
2. カイラル量子異常を通じたバリオン数生成/バリオン等曲率揺らぎとの関係 
3. バリオン数生成のソースとしての磁場生成機構 
4. 強すぎる磁場を作る現象は制限される 
5. ブレーザーを用いたボイド磁場の観測を説明するための電弱相転移後の磁場生成機構?


