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1. Baryogenesis from decaying hypermagnetic 
helicity 

2. Axion inflation can be the source of 
magnetic fields for baryogenesis 

3. Summary
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Baryogenesis from helical hypermagnetic fields
T. Fujita (Kyoto) & KK, PRD93 (2016) 083520 [arXiv:1602.02109 (hep-ph)], 
KK & A.J.Long (Chicago), PRD94 (2016) 063501 [arXiv:1606.08891 (astro-ph.CO)],  
                                      PRD94 (2016) 123509 [arXiv:1610.03074 (hep-ph)]
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12 G. Steigman: Primordial Nucleosynthesis

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

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

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

’03 Steigman

23. Big-Bang nucleosynthesis 3

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

After inflation before BBN, asymmetry must be generated. 
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In order to generate baryon asymmetry... 
Sakharov’s condition is required. 

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

(’67 Sakharov)
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BSM is required!? 
- Leptogenesis                            : RH neutrinos 
- Affleck-Dine                              : SUSY with B and CP op.  

- EW baryogenesis                      : 1st order EWPT + CP op. 
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In order to generate baryon asymmetry... 
Sakharov’s condition is required. 

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

(’67 Sakharov)

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

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

(’85 Fukigita&Yanagida)

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

(’85 Kuzmin, Rubakov&Shaposhnikov)

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

Giovannini&Shaposhnikov (’98), KK& Fujita, KK&Long (’16)
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Key elements
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(The gauge field is the one of U(1)Y in 
the SM. )

http://solar.physics.montana.edu
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If there were BG large-scale helical hyperMFs,

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

Sakharov’s conditions are satisfied!

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

2. Electroweak symmetry breaking 

(’98 Giovannini&Shaposhnikov)

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

decay of hypermagnetic helicity occurs automatically. 
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Electroweak symmetry breaking 
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Figure 1: A graphical representation of the conversion from hypermagnetic field BY into elec-

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

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

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

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

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

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

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

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

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

according to the cosmic expansion and the inverse cascade.

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

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

be written as
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µ⌫ + 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã
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where Aµ⌫ is the field strength tensor associated with Aµ(x), and Ã
µ⌫ = ✏µ⌫⇢�A⇢�/2 is the dual
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Back reactions/washout effects? 

EW sphalerons+chirality flip by electron Yukawa 

Chiral Magnetic Effect (’80 Vilenkin, ’08 Fukushima, Kharzeev, &Warringa) 
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Back reactions/washout effects? 

EW sphalerons+chirality flip by electron Yukawa 

Chiral Magnetic Effect

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

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

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

OB+L =
Y

i

(qLiqLiqLilLi) , (3.3)

which violates baryon and lepton number by three units,

�B = �L = 3 . (3.4)

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

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

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

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

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

OB+L =
Y

i

(qLiqLiqLilLi) , (3.3)

which violates baryon and lepton number by three units,

�B = �L = 3 . (3.4)

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

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

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

��BY = J = �(EY + v �BY ) +
2�Y

�
µ5BY

EY = �v �BY +
1
�

�
��BY �

2�Y

�
µ5BY

�

Ampere’s law

=>

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

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

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

OB+L =
Y

i

(qLiqLiqLilLi) , (3.3)

which violates baryon and lepton number by three units,

�B = �L = 3 . (3.4)

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

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

W. Buchmüller, 1212.3554 
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<latexit sha1_base64="EzJCOKd+YumFHtOXZFTBJCSPHsM=">AAACH3icbVC7TsMwFL0pr1JeLUgsLBYIialKWGBEwMCEQFBAIlFwnFtqYTuR7YCqqJ/CwAKfwoZYWfgNVtzHAIUjWTo6517d45Pkghvr+x9eZWJyanqmOlubm19YXKo3li9MVmiGLZaJTF8l1KDgCluWW4FXuUYqE4GXyd1B37+8R214ps5tN8dI0lvF25xR66S43ggPUVhKjuMy1JIcnPXi+obf9Acgf0kwIht7q6efNwBwEte/wjRjhURlmaDGXAd+bqOSasuZwF4tLAzmlN3RW7x2VFGJJioH0Xtk0ykpaWfaPWXJQP25UVJpTFcmblJS2zHjXl/810vkr8ulcdE6mI7Fse3dqOQqLywqNkzTLgSxGemXRVKukVnRdYQyzd2HCOtQTZl1ldZcU8F4L3/JxXYz8JvBqatsH4aowhqswxYEsAN7cAQn0AIGD/AIz/DiPXmv3pv3PhyteKOdFfgF7+Mbh5qksQ==</latexit><latexit sha1_base64="G9RT+0RkWDay5C4JDix5UVoCMAg=">AAACH3icbVC7SgNBFJ2NrxhfGwUbm8EgWIVdGy1DYmElCZoHJEuYndwkQ2Z2l5lZJSz5FAsbrfwLwU5s0/gbtk4ehUk8MHA4517umeNHnCntOGMrtba+sbmV3s7s7O7tH9jZw5oKY0mhSkMeyoZPFHAWQFUzzaERSSDC51D3B6WJX38AqVgY3OthBJ4gvYB1GSXaSG0727oGrgm+bSctKXDpbtS2c07emQKvEndOcoXjyjd7K76X2/ZPqxPSWECgKSdKNV0n0l5CpGaUwyjTihVEhA5ID5qGBkSA8pJp9BE+M0oHd0NpXqDxVP27kRCh1FD4ZlIQ3VfL3kT81/PFwuVEmWh96CzF0d0rL2FBFGsI6CxNN+ZYh3hSFu4wCVTzoSGESmY+hGmfSEK1qTRjmnKXe1kltYu86+TdiqmsiGZIoxN0is6Riy5RAd2gMqoiih7RE3pBr9az9WF9Wl+z0ZQ13zlCC7DGvxkWpm0=</latexit><latexit sha1_base64="G9RT+0RkWDay5C4JDix5UVoCMAg=">AAACH3icbVC7SgNBFJ2NrxhfGwUbm8EgWIVdGy1DYmElCZoHJEuYndwkQ2Z2l5lZJSz5FAsbrfwLwU5s0/gbtk4ehUk8MHA4517umeNHnCntOGMrtba+sbmV3s7s7O7tH9jZw5oKY0mhSkMeyoZPFHAWQFUzzaERSSDC51D3B6WJX38AqVgY3OthBJ4gvYB1GSXaSG0727oGrgm+bSctKXDpbtS2c07emQKvEndOcoXjyjd7K76X2/ZPqxPSWECgKSdKNV0n0l5CpGaUwyjTihVEhA5ID5qGBkSA8pJp9BE+M0oHd0NpXqDxVP27kRCh1FD4ZlIQ3VfL3kT81/PFwuVEmWh96CzF0d0rL2FBFGsI6CxNN+ZYh3hSFu4wCVTzoSGESmY+hGmfSEK1qTRjmnKXe1kltYu86+TdiqmsiGZIoxN0is6Riy5RAd2gMqoiih7RE3pBr9az9WF9Wl+z0ZQ13zlCC7DGvxkWpm0=</latexit><latexit sha1_base64="jRQxV0FCSOBDGMhZYnWNd+AkkQ8=">AAACH3icbVC7TsMwFHXKq5RXCiOLRYXEVCUsMFaUgQkVQR9SE0WOe9tatZPIdkBV1E9hYIFPYUOs/RJW3DYDbTmSpaNz7tU9PmHCmdKOM7UKG5tb2zvF3dLe/sHhkV0+bqk4lRSaNOax7IREAWcRNDXTHDqJBCJCDu1wVJ/57WeQisXRkx4n4AsyiFifUaKNFNhl7xa4Jvg+yDwpcP1xEtgVp+rMgdeJm5MKytEI7B+vF9NUQKQpJ0p1XSfRfkakZpTDpOSlChJCR2QAXUMjIkD52Tz6BJ8bpYf7sTQv0niu/t3IiFBqLEIzKYgeqlVvJv7rhWLpcqZMtCH0VuLo/rWfsShJNUR0kaafcqxjPCsL95gEqvnYEEIlMx/CdEgkodpUWjJNuau9rJPWZdV1qu6DU6nd5J0V0Sk6QxfIRVeohu5QAzURRS/oFb2jD+vN+rS+rO/FaMHKd07QEqzpL7Laosw=</latexit>

Together with Yukawa int., try to washout QB
<latexit sha1_base64="ni4jNcWseCfpPhE9wlvqPupjiio=">AAACD3icbVC7TsMwFL0pr1JeBUYYLCokpiphgbEqC2Mr6ENqo8pxnNaq7US2g1RF/QQGFvgUmBArn8DGX7DiPgbaciRLR+fcq3t8goQzbVz3y8mtrW9sbuW3Czu7e/sHxcOjpo5TRWiDxDxW7QBrypmkDcMMp+1EUSwCTlvB8Gbitx6o0iyW92aUUF/gvmQRI9hY6a7eq/aKJbfsToFWiTcnpcrpW/0bAGq94k83jEkqqDSEY607npsYP8PKMMLpuNBNNU0wGeI+7VgqsaDaz6ZRx+jcKiGKYmWfNGiq/t3IsNB6JAI7KbAZ6GVvIv7rBWLhcqZttAENl+KY6NrPmExSQyWZpYlSjkyMJuWgkClKDB9Zgoli9kOIDLDCxNgKC7Ypb7mXVdK8LHtu2avbyqowQx5O4AwuwIMrqMAt1KABBPrwCM/w4jw5r8678zEbzTnznWNYgPP5CwXJn0o=</latexit><latexit sha1_base64="GP1qIWHYX1V2Xdalw0gYOOk9HWA=">AAACD3icbVDLSgMxFM34rPVVdalIsAiuyowbXZa6cdmifUA7lEzmtg1NMkOSEcrQpUsXbvRT7Erc+gl+gx/g1vSxsK0HAodz7uWenCDmTBvX/XJWVtfWNzYzW9ntnd29/dzBYU1HiaJQpRGPVCMgGjiTUDXMcGjECogIONSD/s3Yrz+A0iyS92YQgy9IV7IOo8RY6a7SLrVzebfgToCXiTcj+eLJqPL9eDoqt3M/rTCiiQBpKCdaNz03Nn5KlGGUwzDbSjTEhPZJF5qWSiJA++kk6hCfWyXEnUjZJw2eqH83UiK0HojATgpienrRG4v/eoGYu5xqG60H4UIc07n2UybjxICk0zSdhGMT4XE5OGQKqOEDSwhVzH4I0x5RhBpbYdY25S32skxqlwXPLXgVW1kJTZFBx+gMXSAPXaEiukVlVEUUddETekGvzrPz5rw7H9PRFWe2c4Tm4Hz+AhfMoLA=</latexit><latexit sha1_base64="GP1qIWHYX1V2Xdalw0gYOOk9HWA=">AAACD3icbVDLSgMxFM34rPVVdalIsAiuyowbXZa6cdmifUA7lEzmtg1NMkOSEcrQpUsXbvRT7Erc+gl+gx/g1vSxsK0HAodz7uWenCDmTBvX/XJWVtfWNzYzW9ntnd29/dzBYU1HiaJQpRGPVCMgGjiTUDXMcGjECogIONSD/s3Yrz+A0iyS92YQgy9IV7IOo8RY6a7SLrVzebfgToCXiTcj+eLJqPL9eDoqt3M/rTCiiQBpKCdaNz03Nn5KlGGUwzDbSjTEhPZJF5qWSiJA++kk6hCfWyXEnUjZJw2eqH83UiK0HojATgpienrRG4v/eoGYu5xqG60H4UIc07n2UybjxICk0zSdhGMT4XE5OGQKqOEDSwhVzH4I0x5RhBpbYdY25S32skxqlwXPLXgVW1kJTZFBx+gMXSAPXaEiukVlVEUUddETekGvzrPz5rw7H9PRFWe2c4Tm4Hz+AhfMoLA=</latexit><latexit sha1_base64="mcf3USQripUUYWZaTqae91chaGo=">AAACD3icbVC7TgJBFL2LL8QXamkzkZhYkV0bLQk2lhAFTGBDZmcvMGFmdzMza0I2fIKFjX6KnbH1E/wSWwfYQsCTTHJyzr25Z06QCK6N6347hY3Nre2d4m5pb//g8Kh8fNLWcaoYtlgsYvUYUI2CR9gy3Ah8TBRSGQjsBOPbmd95QqV5HD2YSYK+pMOIDzijxkr3zX69X664VXcOsk68nFQgR6Nf/umFMUslRoYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa2lEJWo/m0edkgurhGQQK/siQ+bq342MSq0nMrCTkpqRXvVm4r9eIJcuZ9pGG2G4EscMbvyMR0lqMGKLNINUEBOTWTkk5AqZERNLKFPcfoiwEVWUGVthyTblrfayTtpXVc+tek23UqvnnRXhDM7hEjy4hhrcQQNawGAIz/AKb86L8+58OJ+L0YKT75zCEpyvX6HHnQU=</latexit>

d

dt
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Reaches at “terminal” asymmetry…



Courtesy H.Oide

The Standard Model transport equations used in our analysis are summarized below:
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arise from the weak gauge interactions. We estimate the corresponding transport coe�cients, �i
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from the results of lattice simulations in Eqs. (2.43a) and (2.43b). In the presence of a background
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Hypercharge & Weak Isospin Source Terms

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

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

S
bkg
y =

1

sT

↵y

4⇡

1

2
✏µ⌫⇢�hYµ⌫ihY⇢�i (2.44a)

S
bkg
w =

1

sT

1

2

↵w

4⇡

1

2
✏µ⌫⇢�hW a

µ⌫ihW
a
⇢�i (2.44b)

S
bkg
yw =

1

sT

gg0/4⇡

4⇡
✏µ⌫⇢�hYµ⌫ihW 3

⇢�i . (2.44c)

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

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

phase, and then consider the broken phase.

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

and the corresponding source terms vanish

S
bkg
w = 0 and S

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

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

is written in terms of the hyperelectric and hypermagnetic fields using

1

2
✏µ⌫⇢�hYµ⌫ihY⇢�i = �4EY ·BY . (2.46)

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

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

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

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

jCME,Y =
2

⇡
↵yµ5,Y BY , (2.47)

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

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

non-dissipative term (CME),

jY = �Y
�
EY + v ⇥BY

�
+ jCME,Y (2.48)

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

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

�Y ⇡ 64⇣(3)2⇡�3


⇡2

8
+

22

3

��1✓
T

g02 ln g0�1

◆
' 55T . (2.49)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Early sphaleron freeze out, late EWSB (crossover) completion

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

=> Net BAU is efficiently remained
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What determines final BAU?
Freezeout of EW sphalerons  vs       Completion of EWSB

BAU remains! Quantitative results are sensitive to 

✓W(t)

BY Bem

BZ

BW 3

BA

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

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

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

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

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

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

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

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

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

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

according to the cosmic expansion and the inverse cascade.

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

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

be written as

S
bkg
w =

1

2

⇣ 1

sT

1

16⇡2

⌘
g2
⇣
sin2 ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4a)

S
bkg
y =

⇣ 1

sT

1

16⇡2

⌘
g02

⇣
cos2 ✓W(t)Aµ⌫Ã

µ⌫ � 2
d✓W

dt
sin 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4b)

S
bkg
yw = 2

⇣ 1

sT

1

16⇡2

⌘
gg0

⇣
sin ✓W(t) cos ✓W(t)Aµ⌫Ã

µ⌫ + 2
d✓W

dt
cos 2✓W(t)�0µA⌫Ã

µ⌫
⌘

(2.4c)

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

7

8

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

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

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

Op(z) =
∑

x1,x2

α12(x1, x2, z)e
ip·x, (22)

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

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

G(z) =
1

N3

∑

t

⟨Op(t)O
∗
p
(z + t)⟩ (23)

has the long distance behaviour [30]

G(z) →
Aγz

2βG

ap2
√

p2 +m2
γ

e−z
√

p2+m2
γ (24)

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

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

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

Asymm.
γ = 1−

z

48π
√
y

(25)

Abroken
γ = cos2 θW

(

1 +
11

12

g23 sin
2 θW

πmW

)

(26)

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

140 145 150 155 160 165 170
T/GeV

0.7

0.8

0.9

1

1.1

A γ

cos2θW

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

VII. CONCLUSIONS

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

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

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

Lattice results

Analytic (1-loop)

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

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

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

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

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

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

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

(’14 D’Onofrio)

�W � exp[�145 + 0.8(T/GeV)]T

�e/T

�W (t)
<latexit sha1_base64="YvWtWOVjHWwc28qgxA0+FD/KiIs=">AAACF3icbVC7SgNBFL3rM8ZX1NJmSRAiQti10TJoYxnBPCAJYXZyNztk9sHMXSEs+QwLG/VP7MTW0i+xdfIoTOKBgcM593LPHC+RQpPjfFtr6xubW9u5nfzu3v7BYeHouKHjVHGs81jGquUxjVJEWCdBEluJQhZ6Epve8HbiNx9RaRFHDzRKsBuyQSR8wRkZqd2hAIn1mmU67xVKTsWZwl4l7pyUqsXOxRsA1HqFn04/5mmIEXHJtG67TkLdjCkSXOI430k1JowP2QDbhkYsRN3NppHH9plR+rYfK/Misqfq342MhVqPQs9MhowCvexNxH89L1y4nGkTLcD+Uhzyr7uZiJKUMOKzNH4qbYrtSUl2XyjkJEeGMK6E+ZDNA6YYJ1Nl3jTlLveyShqXFdepuPemshuYIQenUIQyuHAFVbiDGtSBQwxP8AKv1rP1bn1Yn7PRNWu+cwILsL5+AR1fodk=</latexit><latexit sha1_base64="1PZ5PFxB3WN54ZBeDN64qqBDlaA=">AAACF3icbVC7SgNBFJ2NrxhfUUubJUGICGHXRsugjWUE84BkCbOzd7NDZh/M3BWWJX+hhY1+ip3YWuZLbJ08CpN4YOBwzr3cM8dNBFdoWROjsLG5tb1T3C3t7R8cHpWPT9oqTiWDFotFLLsuVSB4BC3kKKCbSKChK6Djju6mfucJpOJx9IhZAk5IhxH3OaOopV4fA0A66NTwYlCuWnVrBnOd2AtSbVT6l8+TRtYclH/6XszSECJkgirVs60EnZxK5EzAuNRPFSSUjegQeppGNATl5LPIY/NcK57px1K/CM2Z+ncjp6FSWejqyZBioFa9qfiv54ZLl3OlowXgrcRB/8bJeZSkCBGbp/FTYWJsTksyPS6Bocg0oUxy/SGTBVRShrrKkm7KXu1lnbSv6rZVtx90ZbdkjiI5IxVSIza5Jg1yT5qkRRiJyQt5I+/Gq/FhfBpf89GCsdg5JUswvn8BXyejXw==</latexit><latexit sha1_base64="1PZ5PFxB3WN54ZBeDN64qqBDlaA=">AAACF3icbVC7SgNBFJ2NrxhfUUubJUGICGHXRsugjWUE84BkCbOzd7NDZh/M3BWWJX+hhY1+ip3YWuZLbJ08CpN4YOBwzr3cM8dNBFdoWROjsLG5tb1T3C3t7R8cHpWPT9oqTiWDFotFLLsuVSB4BC3kKKCbSKChK6Djju6mfucJpOJx9IhZAk5IhxH3OaOopV4fA0A66NTwYlCuWnVrBnOd2AtSbVT6l8+TRtYclH/6XszSECJkgirVs60EnZxK5EzAuNRPFSSUjegQeppGNATl5LPIY/NcK57px1K/CM2Z+ncjp6FSWejqyZBioFa9qfiv54ZLl3OlowXgrcRB/8bJeZSkCBGbp/FTYWJsTksyPS6Bocg0oUxy/SGTBVRShrrKkm7KXu1lnbSv6rZVtx90ZbdkjiI5IxVSIza5Jg1yT5qkRRiJyQt5I+/Gq/FhfBpf89GCsdg5JUswvn8BXyejXw==</latexit><latexit sha1_base64="kojk5pA6EEQCHQqxu2vidpTg8pM=">AAACF3icbVC7TsNAEDyHVwivACWNRYQUmsimgTKChjJI5CElVnQ+r+NT7mzrbo0UWfkMChr4FDpES8mX0HJJXJCEkU4azexq58ZPBdfoON9WaWNza3unvFvZ2z84PKoen3R0kikGbZaIRPV8qkHwGNrIUUAvVUClL6Drj+9mfvcJlOZJ/IiTFDxJRzEPOaNopP4AI0A67NbxclitOQ1nDnuduAWpkQKtYfVnECQskxAjE1Trvuuk6OVUIWcCppVBpiGlbExH0Dc0phK0l88jT+0LowR2mCjzYrTn6t+NnEqtJ9I3k5JipFe9mfiv58uly7k20SIIVuJgeOPlPE4zhJgt0oSZsDGxZyXZAVfAUEwMoUxx8yGbRVRRhqbKimnKXe1lnXSuGq7TcB+cWvO26KxMzsg5qROXXJMmuSct0iaMJOSZvJI368V6tz6sz8VoySp2TskSrK9f0gSgUA==</latexit>

w
ea

k 
m
ix
in
g 
an

gl
e 

co
s2

� W
(T

)
<latexit sha1_base64="rJ7Sm7FFNlV7z7vcSubehuu+QO4=">AAACIHicbVDLSgNBEOyNrxhfMR69DIqgCGE3Fz2KXjxGyEPIxjA76SRDZh/M9Iph8VdEvOineBOP+iNenTwOGi0YKKq66ZoKEiUNue6Hk1tYXFpeya8W1tY3NreK26WGiVMtsC5iFevrgBtUMsI6SVJ4nWjkYaCwGQwvxn7zFrWRcVSjUYLtkPcj2ZOCk5U6xZIvYnNTYT4NkHineVg76hT33bI7AftLvBnZP9vzjx8BoNopfvndWKQhRiQUN6bluQm1M65JCoX3BT81mHAx5H1sWRrxEE07m2S/ZwdW6bJerO2LiE3UnxsZD40ZhYGdDDkNzLw3Fv/1gvDX5czYaAPszsWh3mk7k1GSEkZimqaXKkYxG7fFulKjIDWyhAst7YeYGHDNBdlOC7Ypb76Xv6RRKXtu2buylZ3DFHnYhT04BA9O4AwuoQp1EHAHD/AML86T8+q8Oe/T0Zwz29mBX3A+vwFi+qSB</latexit><latexit sha1_base64="7sEsULW1SX8xaMkyygs7uDws5ws=">AAACIHicbVC7TgJBFJ31ifhCLG0mEBOMCdml0ZJoY4kJr4RFMjtcYMLsIzN3jWTDX1hb2Oin2BlL/BFbh0ch4EkmOTnn3twzx4uk0GjbE2tjc2t7Zze1l94/ODw6zpxk6zqMFYcaD2Womh7TIEUANRQooRkpYL4noeENb6d+4xGUFmFQxVEEbZ/1A9ETnKGROpmsy0P9UKIuDgBZp1GoXnQyebtoz0DXibMg+XLOvXyelEeVTubH7YY89iFALpnWLceOsJ0whYJLGKfdWEPE+JD1oWVowHzQ7WSWfUzPjdKlvVCZFyCdqX83EuZrPfI9M+kzHOhVbyr+63n+0uVEm2gD6K7Ewd51OxFBFCMEfJ6mF0uKIZ22RbtCAUc5MoRxJcyHKB8wxTiaTtOmKWe1l3VSLxUdu+jcm8puyBwpckZypEAcckXK5I5USI1w8kReyBt5t16tD+vT+pqPbliLnVOyBOv7F6TCpgc=</latexit><latexit sha1_base64="7sEsULW1SX8xaMkyygs7uDws5ws=">AAACIHicbVC7TgJBFJ31ifhCLG0mEBOMCdml0ZJoY4kJr4RFMjtcYMLsIzN3jWTDX1hb2Oin2BlL/BFbh0ch4EkmOTnn3twzx4uk0GjbE2tjc2t7Zze1l94/ODw6zpxk6zqMFYcaD2Womh7TIEUANRQooRkpYL4noeENb6d+4xGUFmFQxVEEbZ/1A9ETnKGROpmsy0P9UKIuDgBZp1GoXnQyebtoz0DXibMg+XLOvXyelEeVTubH7YY89iFALpnWLceOsJ0whYJLGKfdWEPE+JD1oWVowHzQ7WSWfUzPjdKlvVCZFyCdqX83EuZrPfI9M+kzHOhVbyr+63n+0uVEm2gD6K7Ewd51OxFBFCMEfJ6mF0uKIZ22RbtCAUc5MoRxJcyHKB8wxTiaTtOmKWe1l3VSLxUdu+jcm8puyBwpckZypEAcckXK5I5USI1w8kReyBt5t16tD+vT+pqPbliLnVOyBOv7F6TCpgc=</latexit><latexit sha1_base64="6q27MiK0J2NY381XCuGN3UHhwtU=">AAACIHicbVC7TgJBFJ31ifhasbSZSEywIbs0WhJtLDHhlQBuZocLTJh9ZOaukWz4FQsb/RQ7Y6k/YusAWwh4kklOzrk398zxYyk0Os6XtbG5tb2zm9vL7x8cHh3bJ4WmjhLFocEjGam2zzRIEUIDBUpoxwpY4Eto+ePbmd96BKVFFNZxEkMvYMNQDARnaCTPLnR5pB8qtIsjQOa1SvVLzy46ZWcOuk7cjBRJhppn/3T7EU8CCJFLpnXHdWLspUyh4BKm+W6iIWZ8zIbQMTRkAeheOs8+pRdG6dNBpMwLkc7VvxspC7SeBL6ZDBiO9Ko3E//1/GDpcqpNtBH0V+Lg4LqXijBOEEK+SDNIJMWIztqifaGAo5wYwrgS5kOUj5hiHE2nedOUu9rLOmlWyq5Tdu+dYvUm6yxHzsg5KRGXXJEquSM10iCcPJFn8krerBfr3fqwPhejG1a2c0qWYH3/Aheuovg=</latexit>

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

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

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

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

as a smoothed step function,

cos2 ✓W(T ) = cos2 ✓W0 +
1 � cos2 ✓W0

2

✓
1 + tanh

T � Tstep

�T

◆
, (4.3)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

follows.

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

(Tstep = 162 GeV, �T = 1 GeV) in Fig. 2. In this case, the weak mixing angle quickly transitions

14

Parameterization of the evolution of weak angle
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Figure 3: Evolution of the baryon asymmetry ⌘B during the EW crossover. The temporal coor-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�EW

106GeV�1

� �
BEW

10�3GeV2

�2
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f(�W , T ) � � sin(2�W )T
d�W

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

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

※Since helicity is just the difference between the right and left helicity modes, 
the sign of helicity can be the same beyond the coherence length of MFs.

(’16 KK&Long)
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Helical magnetic field generation  
from Axion inflation
         D. Jiménez, KK, K. Schmitz & X.J. Xu (MPIK), JCAP12 (2017) 011[arXiv:1707.07943[hep-ph]].
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Pseudoscalar inflation
Inflation 
… an era with accelerated cosmic expansion before the Big Bang.  

- often driven by the potential energy of a scalar field (inflaton) 
- solution to the flatness/horizon/monopole problems and seed 
for the CMB fluctuation and large scale structures.

(from WMAP team)

(’80 Starobinsky, ’81 Sato, ’81 Guth, ’82 Linde, ’82 Albrecht & Steinhardt)

(’90 Freese+, ’93 Adams, … )
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(’06 Anber+)
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�
1± 4�̇/(Hf)
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��
Y± = 0.

One polarization mode feels instability, 
especially around the end of inflation

Pseudoscalar inflation
If inflaton is a pseudoscalar, e.g. axions,   
it can have an anomalous coupling to hypergauge fields:   

During inflation, inflaton  
slow-rolls homogeneously.   

�̇ �= 0, |�i�|� |�̇|�
�

V (�)
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The dynamics of the gauge fields 
is affected by inflaton motion.   

Generation of maximally helical hypermagnetic (and electric) Fields!

(’90 Freese+, ’93 Adams, … )
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Estimated magnetic field properties just after inflation
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Figure 2: Backreaction parameters �F (left panel) and �KG (right panel) as functions of the instability parame-

ter ⇠ and the Hubble rate H. The parameter �F quantifies the amount of backreaction in the Friedmann equation,

while the parameter �KG quantifies the amount of backreaction in the Klein-Gordon equation; see Eq. (22). The

black solid contours represent the exact expressions for �F and �KG, including the complicated ⇠ dependence of

the integral functions in Eq. (20). The red dashed contours represent the numerical fit functions in Eq. (23).

In the right panel, the suppression scale ⇤ is fixed at ⇤ = 3 ⇥ 1017 GeV. The scaling of �KG with ⇤ is trivial,

�KG / ⇤�2. By definition, values of �F larger than unity are unphysical; see Eq. (24). For values of the Hubble

rate greater than H ' 8⇥ 1013 GeV, the PLANCK constraint on the tensor-to-scalar ratio, r . 0.11, is violated.

From Eq. (23), we see that the backreaction from the gauge field on the inflationary dynamics

is negligible, at least for the chosen reference values. This conclusion drastically changes as soon

as we go to larger values of ⇠ and H as well as to smaller values of ⇤. Here, we find in particular

an upper bound on ⇠, such that the ratio �F does not take values larger than unity; see Fig. 2,

�F  1 ) ⇠  ⇠max (H) ' 6.4� 0.82 log10

✓
H

1013GeV

◆
. (24)

This bound is model-independent and needs to be obeyed by any model of pseudoscalar inflation

coupled to an Abelian gauge sector. For ⇠ values beyond this bound, one formally finds that

more than 100% of the total energy density is stored in the hyper-EM field. This signals that

the backreaction from the excited gauge fields is no longer negligible in the Friedmann equation;

and hence the above solutions are no longer trustable.8 Meanwhile, the ratio �KG can be varied

independently, even if ⇠ satisfies Eq. (24), simply by adjusting the strength of the axion-gauge-

field coupling. According to Eq. (23), lowering the suppression scale ⇤ by a factor 10 readily

increases �KG by two orders of magnitude. For the same values of ⇠ and H as in Eq. (23), ⇠ = 5

8Recently, it is claimed that there are other upper bounds for ⇠ where the evaluation of the gauge field

production in the previous section is valid, coming from the perturbativity [85,86] and possible thermalization [87].

We expect that our analysis is qualitatively correct even taking into account these constraints. Note that in the

parameter we are interested in the value of ⇠ reaches the bound only at the last stage of inflation; see Sec. 5.
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Conditions to avoid too much backreaction; �B + �E � �inf
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&   : parameters that characterizes magnetogenesis
(’06 Anber+)

(’17 Jiménez+)



Courtesy H.Oide

Magnetic field evolution after inflation
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Figure 3: Physical field strength Bp (upper panel) and physical correlation length �p (lower panel) of the

hypermagnetic B field as functions of the radiation temperature T for representative values of H and ⇠ at the end

of inflation. The vertical dotted lines mark the respective temperatures at which the adiabatic regime transitions

into the inverse cascade regime. Both plots account for the decrease in the e↵ective number of DOFs in the

course of the expansion. The kinks around T ⇠ 100MeV correspond, e.g., to the QCD phase transition. For

T < 10MeV, damping e↵ects might become important (see [49, 73, 75]) and our description of the magnetic field

evolution becomes less accurate. For this reason, we only draw dashed lines in the low-temperature regime.
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�ed = vt � B
�

�H
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Eddy turn-over scale

� > �ed
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initially 
adiabatic evolution 

B � a�2, � � a
<latexit sha1_base64="YhJIeISGpxnM2cEN8BJRqF5NvCw="></latexit>

eventually � � �ed
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MHD evolution; “inverse cascade” 
B � a�7/3, � � a5/3
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(approximate) helicity conservation  
prevents MFs from complete decay. 

(’17 Jiménez+)

(’04 banerjee&Jedamzik)

# instant reheating is assumed
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Resultant baryon asymmetry
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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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(’17 Jiménez+)
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MFs that predict  
remains until today at 
intergalactic void with 

B � 10�17G, � � 10�2pc
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One benefit: Generation of stochastic GWs
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But appropriate parameter choice gives the GW signature  
at small amplitude                    and high frequency �GWh2 � 10�17
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f � 1� 102MHz
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(’17 Jiménez+)
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Especially, detectable GWs predicts baryon overproduction.  
 => New U(1) gauge interaction is needed. 

(’17 Jiménez+)

r
>
0.
11

10-15

10-16

10-17

Present-day
magnetic field
Bp
0 [Gauss]

ηB∼
10

-10

Va
cu
um
co
ntr
ibu
tio
n

10-1 100 101 102 103
10-30

10-28

10-26

10-24

10-22

10-20

10-18

10-16

10-14
106 107 108 109 1010 1011 1012 1013 1014 1015

GW peak frequency fpeak [MHz]

G
W
pe
ak
st
re
ng
th

[Ω
G
W

0
h
2 ] p

ea
k

Hubble rate at the end of inflation Hrh [GeV]

Figure 7: Present-day magnetic field strength B
0
p as a function of the peak frequency fpeak and the strength of

the peak in the GW spectrum associated with the gauge field production at the end of inflation,
⇥
⌦0

GWh
2
⇤
peak

;

see Eq. (77). In the approximation of instant reheating, fpeak is directly related to the Hubble rate at the end of

inflation; see Eq. (76). The green band illustrates the region in parameter space where ⌘B ⇠ 10�10; see Eq. (62).

the strength of the observed GW signal turns out to be consistent with an inflaton coupling to

the hypercharge gauge field—or whether this assumption would lead to baryon overproduction.

(ii) Along the diagonal line in Fig. 7, the GW spectrum at the end of inflation is dominated by

the (irreducible) vacuum contribution. The part of parameter space below this line is therefore

not accessible. Meanwhile, the vertical distance between this line and any point above indicates

the extent to which the peak in the GW spectrum sticks out of the usual vacuum background.

(iii) We stress once more that, at the quantitative level, Eq. (77) and Fig. 7 may still receive

a number of corrections. After all, every quantity in our analysis (B0
p , ⌘B, ⌦GWh

2) comes with

potentially large uncertainties. Nonetheless, we believe that Eq. (77) and Fig. 7 convey the

correct idea at the qualitative level. Our results illustrate that pseudoscalar inflation leads to

a highly nontrivial relation between initially completely independent phenomena: the present-

day strength of the intergalactic magnetic field, the baryon asymmetry of the universe, and the

stochastic background of GWs. This realization is one of our main achievements in this paper.

5 Explicit scenarios based on natural inflation

All quantities that we were interested in so far (B0
p , �

0
p, ⌘B, and ⌦0

GWh
2) solely depend on the

values of ⇠ and H at the end of inflation. This observation allowed us to perform a completely

model-independent analysis up to this point. We did not specify the form of the inflaton potential

V (a) and discarded all details of the reheating process. Instead, we simply employed a model-
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Figure 3: Clockwise from the top: The magnetic field intensity, the correlation length, the
energy density of inflaton fluctuations, and the total energy fraction in the gauge field. All
are plotted as a function of the number of e-folds after the end of inflation for several values of
the axion-gauge coupling from ↵/f = 35m�1

Pl (red) to ↵/f = 60m�1
Pl (purple) in increments

of ↵/f = 5m�1
Pl , color-coded along the rainbow spectrum. The dotted black curves of B2

phys
show the results of the the no-backreaction calculation.

or by the amount of backreaction of the gauge fields on the inflaton. These two indicators
are essentially equivalent. As an example, we choose to analyze a coupling of ↵/f = 35m�1

Pl .
As in reference [61], this coupling results in ⇢EM/⇢tot = O(10�3), not enough to preheat the
Universe.

One challenge that presents itself when using lattice methods is that of scales; it is
computationally expensive to introduce more lattice points, especially in three dimensions, as
the simulation progresses and the physical size of the box expands. The number of momentum
modes we can include is finite. In this specific set of simulations we follow the behavior of
1283/2 modes. The output data are presented by combining the modes into bins separated by
�k = 2⇡/(15,m�1) ' 0.4m, which is also the shortest comoving wave-number that we can
probe. By performing a no-backreaction calculation using Mathematica, we can examine
the effect of using various numbers of grid-points, or, equivalently, various �k, for the same
maximum simulated wavenumber kmax on the calculated quantities, such as the magnetic
field strength and correlation length. In figure 4 we present the result of varying the number
of k modes. Reducing the number of k modes leads to larger oscillations at late times, where

– 12 –

(’16 Adshead+)
(See also ’18 Canivete Cuissa+)
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Figure 3: Clockwise from the top: The magnetic field intensity, the correlation length, the
energy density of inflaton fluctuations, and the total energy fraction in the gauge field. All
are plotted as a function of the number of e-folds after the end of inflation for several values of
the axion-gauge coupling from ↵/f = 35m�1

Pl (red) to ↵/f = 60m�1
Pl (purple) in increments

of ↵/f = 5m�1
Pl , color-coded along the rainbow spectrum. The dotted black curves of B2

phys
show the results of the the no-backreaction calculation.

or by the amount of backreaction of the gauge fields on the inflaton. These two indicators
are essentially equivalent. As an example, we choose to analyze a coupling of ↵/f = 35m�1

Pl .
As in reference [61], this coupling results in ⇢EM/⇢tot = O(10�3), not enough to preheat the
Universe.

One challenge that presents itself when using lattice methods is that of scales; it is
computationally expensive to introduce more lattice points, especially in three dimensions, as
the simulation progresses and the physical size of the box expands. The number of momentum
modes we can include is finite. In this specific set of simulations we follow the behavior of
1283/2 modes. The output data are presented by combining the modes into bins separated by
�k = 2⇡/(15,m�1) ' 0.4m, which is also the shortest comoving wave-number that we can
probe. By performing a no-backreaction calculation using Mathematica, we can examine
the effect of using various numbers of grid-points, or, equivalently, various �k, for the same
maximum simulated wavenumber kmax on the calculated quantities, such as the magnetic
field strength and correlation length. In figure 4 we present the result of varying the number
of k modes. Reducing the number of k modes leads to larger oscillations at late times, where

– 12 –

(’16 Adshead+)

But charged high energy particles produced at that time 
might prevent MFs to be amplified. (’15 Fujita+)

(See also ’18 Canivete Cuissa+)
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But charged high energy particles produced at that time 
might prevent MFs to be amplified. (’15 Fujita+)

2. Larger           might be problematic  
for the breakdown of perturbativity  
and possible thermalization. 

(’16 Ferreira+, ’16 Peloso+)

(’17 Ferreira+)
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3. Other backreaction problem? Schwinger effect?

(’16 Adshead+,’18 Canivete Cuissa+)

(’18 Domcke&Mukaida)
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Summary
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1. Helical hypermagnetic fields, if existed before the EWSB, can 
be the source of BAU through the SM chiral anomaly. No BSM 
physics is involved in this mechanism.   

2. Axion inflation is one of the well-motivated models for the 
source of helical hypermagnetic fields (but not limited to).  
In the point of view of axion inflation, this mechanism is 
complimentary to the one in Peter’s talk.  

3. GWs from the gauge fields from axionic inflation is also of 
interest, but detectable ones predict baryon overproduction, if 
they are the SM gauge fields. 

4. In other words, detection of such GWs at LIGO/Virgo/KAGRA 
shows the existence of hidden gauge interaction. 
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Present properties of MFs 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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Baryon overproduction

in the case magnetic fields are maximally helical.
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MFs that explain BAU cannot explain the blazar observation simultaneously. 


