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

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

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

TS(B,�) = �2 ln

 
L(B,�, p̂(B,�))

L( ˆ̂B,
ˆ̂
�)

!
. (17)

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

unconditionally maximized likelihood with maximum likelihood estimators ˆ̂
B and ˆ̂

�.

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

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

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

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

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

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

Evidence (?) of intergalactic magnetic fields 
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Latest constraints from Fermi 1804.08035 (Fermi-LAT collaboration)
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Figure 17. 95% lower limits on the field strength of the IGMF for ✓jet = 6�. Left: Exclusions for tmax = 10 years for
individual sources. Right: Combined exclusion limits for di↵erent blazar activity times. The solid lines indicate the combined
limits if the sources 1ES 0229+200 and 1ES 1218+304 are excluded from the sample. Above the blue dashed line, the small angle
approximation adopted by ELMAG breaks down for an increasing number of cascade photons (cf. Eq. (8) where an energy of
1GeV has been assumed for the cascade photons).

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

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

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

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

5.4. Discussion of IGMF Constraints

Even for the extremely conservative choice of tmax = 10 years, our results limit the IGMF to be larger than 3⇥10�16 G
for � & 10�2 Mpc. Thereby, our results improve the limits derived by Finke et al. (2015) by more than three orders of
magnitude, even though similar source sample and assumptions have been used (Finke et al. (2015) tested tmax = 3years
and a maximum primary �-ray energy equal to the highest energy data point of the IACT spectrum). One major
di↵erence is that Finke et al. (2015) use a semi-analytic calculation of the cascade (Dermer et al. 2011; Meyer et al.
2012) that only considers the first generation of the cascade. Repeating our analysis using the semi-analytic model
in Meyer et al. (2012), our limits weaken by a factor of five. The remaining di↵erences can be explained by the very
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Figure 17. 95% lower limits on the field strength of the IGMF for ✓jet = 6�. Left: Exclusions for tmax = 10 years for
individual sources. Right: Combined exclusion limits for di↵erent blazar activity times. The solid lines indicate the combined
limits if the sources 1ES 0229+200 and 1ES 1218+304 are excluded from the sample. Above the blue dashed line, the small angle
approximation adopted by ELMAG breaks down for an increasing number of cascade photons (cf. Eq. (8) where an energy of
1GeV has been assumed for the cascade photons).
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For such long activity times, the limits improve by three orders of magnitude compared to tmax = 10 years, limiting
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for � & 10�2 Mpc. Thereby, our results improve the limits derived by Finke et al. (2015) by more than three orders of
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from the individual p-values for each source, Paccept,k, where Ns

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

accept,com( )

4. RESULTS

4.1. Results with Conservative Assumptions

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

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

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

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

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

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

4.2. Robustness

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

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

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

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

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

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

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

4.2. Robustness

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

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

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

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

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

(’04 Banerjee+)
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Especially focus on the generation before the EWSB 
 - Relation to other mysteries (inflation, DM).  
 - Compatible with the Standard Cosmology.
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The message of this talk

1. If helical hyper MFs existed in the early Universe  
before the Electroweak symmetry breaking,  
Baryon asymmetry is generated automatically.  

2. Pseudo scalar dynamics as well as the CME is a good 
mechanism to produce helical hyper MFs. 
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Chiral anomaly in the SM breaks B+L
(’76 ‘t Hooft)

�QB = �QL = Ng
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Hypermagnetic helicity decay = baryon & lepton number induction
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Hypermagnetic helicity decay in the early Universe
(BG hyperMFs with large coherence length)

1. MHD diffusion (’98 Givannini&Shaposhnikov, ’16 Fujita&KK)

2. EWSB (’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

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

�NCS �
g�2

16�2
�HY � sin2 �W HY
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becomes sensitive to the near-critical behaviour and the
mass becomes small but still remains non-zero. Even at
its largest, the Higgs correlation length is smaller than
10/T , which is substantially smaller than the largest lat-
tice sizes ∼ 70-80/T .
In the symmetric phase, the non-abelian gauge fields

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

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

Op(z) =
∑

x1,x2

α12(x1, x2, z)e
ip·x, (22)

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

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

G(z) =
1

N3

∑

t

⟨Op(t)O
∗
p
(z + t)⟩ (23)

has the long distance behaviour [30]

G(z) →
Aγz

2βG

ap2
√

p2 +m2
γ

e−z
√

p2+m2
γ (24)

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

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

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

Asymm.
γ = 1−

z

48π
√
y

(25)

Abroken
γ = cos2 θW

(

1 +
11

12

g23 sin
2 θW

πmW

)

(26)

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

140 145 150 155 160 165 170
T/GeV

0.7

0.8

0.9

1

1.1

A γ

cos2θW

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

VII. CONCLUSIONS

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

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

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

Lattice results

Analytic (1-loop)

(’16 D’Onofrio)

�
��B = Ė + J , J = �(E + v �B)

�
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Worry about washout by sphaleron?

MHD decay EWSB EW sphaleron chirality-flip CME

dnB

dt
=

�
#

B2

��
+ #�̇W �B2

�
� �w.o.nB
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Source term washout term

nB �
#B2/�� + #�̇W �B2
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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
T / GeV

-45

-40

-35

-30

-25

-20
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lo
g 
Γ
/Τ

4

standard
multicanonical
fit
perturbative

pure gauge

log[αH(T)/T]

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 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

15
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Doesn’t EW sphaleron washout the asymmetry?
No. EW sphaleron gets out of equilibrium before the 
completion of EWSB. 

f(T ) � �T
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Resultant final baryon asymmetry

�0 = 10�3�2pc, B0 � 10�16�17G
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Corresponds to the intergalactic magnetic field properties: 
(’16 KK&Long)
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In the B0-λ0 plane…

from the individual p-values for each source, Paccept,k, where Ns

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

accept,com( )

4. RESULTS

4.1. Results with Conservative Assumptions

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

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

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

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

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

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

4.2. Robustness

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

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

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

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

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

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

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

4.2. Robustness

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

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

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

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

rad) and smaller (θj = 0.05 rad) values of the jet opening
angle. A Larger value of θj led to larger cascades, and
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Figure 5: Baryon asymmetry ⌘B = nB/s as a function of the instability parameter ⇠ and the Hubble rate H;

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

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

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

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

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

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

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

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

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

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

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

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

which translates into an uncertainty in the final baryon asymmetry,

⌘B '
�
1.9⇥ 10�3 · · · 1.1

�
⇥ 10�16

✓
e
2⇡⇠rh

⇠
4
rh

◆✓
Hrh

1013GeV

◆3/2

. (62)

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

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

⇠ 10�10 [95], can be

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

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

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

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

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

S =° 5
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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
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(’80 Vilenkin, ’08 Fukushima, Kharzéev&Warringa, and more…)
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FIG. 1: Understanding the �B e↵ect. An external magnetic field tends to align the magnetic moments of the four electron
states – left-right handedness for electron and positron, denoted in the figure as L+, L�, R+, R� – which implies the shown
directionalities of the spin, momenta, and electric current due to each state . If the four states are present in unequal numbers,
net electric current may be induced.

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

Similarly, in Fig. 2, we explain the �! e↵ect, which occurs if the ambient fluid flow has vorticity (!). Spin-orbit
coupling tends to align the spins of the fermions; particle helicity then aligns the left-handed states but anti-aligns
the right-handed states, which leads to the electric currents as shown. Thus, in equilibrium,

J�! / [n(e�
L
) + n(e+

R
)]� [n(e�

R
) + n(e+

L
)]. (5)

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

R
) and of µR that n(e�

R
) 6= n(e+

L
). However, if µL = µR then

n(e�
L
) = n(e�

R
) and n(e+

R
) = n(e+

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

L
) = n(e+

L
) and n(e+

R
) = n(e�

R
), and

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

2

L
� µ

2

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

J�! =
e

4⇡2
�µ

2 ! , (6)

where ! = r⇥ v is the fluid vorticity.
The above expression for J�! holds when the left- and right-handed particles and antiparticles are in thermal

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

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

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

(’12 Tashro+)

dB

d�
= ���E, ��B = J , J = �(E + v �B)
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Courtesy H.Oide

Summary

- Baryon asymmetry is generated from decaying hypermagnetic 
helicity through the chiral anomaly. No BSM ingredient!  
- B-violation: chiral anomaly/ C&CP-violation: hypermagnetic helicity 
  Out of equilibrium: Decay of hypermagnetic helicity/EWSB  
- Present B-asymmetry is explained for                                        
  with positive maximally helical MFs. 
- Anomalous coupling of the pseudo scalar including inflaton and  
  AD field as well as the chiral magnetic effect can generate helical  
  magnetic fields.  
- It will be interesting to explore other magnetogenesis mechanisms. 

B0 � 10�16�17G �0 � 10�2�3pc


