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Today’s message is...
- Baryon asymmetry of the Universe (BAU) is one of the mysteries 
in cosmology and particle physics; B-violation is needed; BSM??

- However, B-violation is implemented in the SM through chiral 
anomaly. 
- A baryogenesis model can be formulated by using helical 
primordial (hyper)magnetic fields (PMFs). 

- The PMFs can remain until today as the intergalactic MFs (IGMFs). 
                                                                       (cf. T. Kobayashi’s talk)

- BSM might not be needed for baryogenesis 
  but for magnetogenesis! 
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Mysteries in modern cosmology

Planck collaboration

Planck collaboration
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Few observational prospects
- Relation to BSM models?
- Relation to other relics?

IGMF?

Origin of primordial 
density perturbation;
Inflation?
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The task for theoretical cosmologists 
and particle physicists: 

Construct a model of baryogenesis
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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 really 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)
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1. B-violation in the SM

2. Baryogenesis from helical MFs in 
thermal environment

3. Realization in the early Universe 
and the fossil : intergalactic MFs
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B-violation in the SM



Courtesy H.Oide

Chiral anomaly ... Read a QFT textbook! 
                         (e.g. Peskin&Chroeder Chap.19)(’69 Adler; Bell&Jackiw)
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Chiral anomaly
Chiral symmetry in a gauge theory

L = i�̄ /D� � 1
4
Fµ�Fµ�

Invariant under chiral rotation
� � ei��5

�

�µjµ5 = 0
(jµ5 � �̄�µ�5�)

Axial vector current is 
conserved

(’69 Adler; Bell&Jackiw)
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Chiral anomaly
Chiral symmetry in a gauge theory

L = i�̄ /D� � 1
4
Fµ�Fµ�

Invariant under chiral rotation
� � ei��5

�

Axial vector current is NOT 
conserved due to quantum effect

(jµ5 � �̄�µ�5�)

�µjµ5 = � g2

8�2
Fµ�F̃µ�

(’69 Adler; Bell&Jackiw)
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Chiral anomaly in the SM (’76 ‘t Hooft)

Each left- and right-handed fermion in the SM receives 
chiral anomaly from SU(3)xSU(2)xU(1) gauge fields.

=3

�µjµ
f = ±

�
cf
1y2

f
g�2

8�2
Yµ� Ỹ µ� + cf

2

g2

16�2
tr[Wµ�W̃µ� ]

+cf
12yf

gg�

16�2
(Yµ�W̃ 3µ� + W 3

µ� Ỹ µ�) + cf
3

g2
s

16�2
tr[Gµ�G̃µ� ]

�

+: right-handed fermion, -: left-handed fermion
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Chiral anomaly in the SM (’76 ‘t Hooft)

Each left- and right-handed fermion in the SM receives 
chiral anomaly from SU(3)xSU(2)xU(1) gauge fields.

=3
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f = ±
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cf
1y2
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g�2

8�2
Yµ� Ỹ µ� + cf

2
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16�2
tr[Wµ�W̃µ� ]

+cf
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(Yµ�W̃ 3µ� + W 3

µ� Ỹ µ�) + cf
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s

16�2
tr[Gµ�G̃µ� ]
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+: right-handed fermion, -: left-handed fermion

Div. of B(L)-current is obtained by summing up them:

�µjµ
B = �µjµ

L = Ng

�
g2

16�2
tr

�
Wµ�W̃µ�

�
� g�2

32�2
Yµ� Ỹ µ�

�

B and L are violated, but B-L is conserved. 



Courtesy H.Oide

�QB = �QL = Ng

�
�NCS �

g�2

16�2
�HY

�

H =
�

d3x�ijkYi�jYk

Chern-Simons number:

Hypermagnetic helicity:

NCS �
g2

32�2

�
d3x�ijktr

�
W a

ijW
a
k �

g

3
�abcW a

i W b
j W c

k

�

Integrate over a finite time interval and space:

QB =
�

d3xj0
B
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�QB = �QL = Ng
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�NCS �

g�2

16�2
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H =
�
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Chern-Simons number:

Hypermagnetic helicity:
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32�2
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d3x�ijktr
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W a

ijW
a
k �

g

3
�abcW a

i W b
j W c

k

�

Integrate over a finite time interval and space:

Diffusion due to thermal fluctuation = EW sphaleron
=> Used in Electroweak baryogenesis and leptogenesis

※ No CP-violation -> tend to washout B asymmetry

QB =
�

d3xj0
B

(’85 Kuzmin, Rubakov&Shaposhnikov)
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�QB = �QL = Ng
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describes twist and linkage of magnetic field lines
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Decay of (hyper)magnetic helicity:

1
V

�tH = �2�EY ·BY �

In the thermal media, E-field can run parallel to B-field.  

EY

BY

(Hyper)magnetic helicity automatically decays 
and can cause baryon number injection.  
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Short summary

- B-number violation is implemented in the SM through chiral anomaly.

- It corresponds to decay of hypermagnetic helicity. 

- Helical hypermagnetic fields can exist in the hot early Universe.

- CP-violation and deviation from thermal equilibrium is implemented.

 (cf. T. Kobayashi’s talk)

 (cf. A.Hook’s talk)
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Baryogenesis from helical MFs 
in thermal environment

(in the symmetric phase)
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How does the B-violation mechanism act in the hot early Universe?
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L = �̄
�
i /D �me
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� � 1

4
Fµ�Fµ�

(e�L , ē+
L , e�R, ē+

R)
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How does the B-violation mechanism act in the hot early Universe?

Toy model: simple QED with

L = �̄
�
i /D �me

�
� � 1

4
Fµ�Fµ�

(e�L , ē+
L , e�R, ē+

R)

Evolution of left-right asymmetry w/o MFs
�nL

�t
+ 3HnL = ��e(nL � nR)

�nR

�t
+ 3HnR = ��e(nR � nL)

exponentially damped. 

e�L

e+
R

�e =
m2

e

(nL � nR) = exp
�
�2

� t

ti

�edt�
��

a

ai

��3

(nL � nR)|t=ti

�e � g�2 m2
e

8�T
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How does the B-violation mechanism act in the hot early Universe?

Toy model: simple QED with

L = �̄
�
i /D �me

�
� � 1

4
Fµ�Fµ�

(e�L , ē+
L , e�R, ē+

R)

Evolution of left-right asymmetry w/ MFs, 
�nL

�t
+ 3HnL = ��e(nL � nR)

�nR

�t
+ 3HnR = ��e(nR � nL)

�Sanomaly

+Sanomaly Sanomaly =
g�2

2�2
�EY · BY �

� �

�t
(a3(nL � nR)) = 0

�e > Hfor 

�e =
e�L

e+
Rm2

e

�e � g�2 m2
e

8�T

(nL � nR) � �Sanomaly
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e�L

e+
Rm2

e

How does the B-violation mechanism act in the hot early Universe?

Toy model: simple QED with

L = �̄
�
i /D �me

�
� � 1

4
Fµ�Fµ�

(e�L , ē+
L , e�R, ē+

R)

Evolution of left-right asymmetry w/ MFs, 
�nL

�t
+ 3HnL = ��e(nL � nR)

�nR

�t
+ 3HnR = ��e(nR � nL)

�e �
m2

e

�2T�Sanomaly

+Sanomaly Sanomaly =
g�2

2�2
�EY · BY �

� �

�t
(a3(nL � nR)) = 0

�e > Hfor 

e�L
�e =Left-right asymmetry has the form

nasymmetry

s
� (Source term from chiral anomaly)

(Washout term from spin-flip interaction)x

(nL � nR) � �Sanomaly

�e

s
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry. 

- Source term from chiral anomaly ... exists if �EY · BY � �= 0

It is nonzero in thermal environment and if maximally helical!
|Y R

k |2 � |Y L
k |2

Ampere’s law: ��BY = �(EY + v �BY ) + ĖY + · · ·

�EY · BY � �
1
�
�BY · ��BY �+ · · ·

(’00 Arnold+)� � 102TElectric conductivity:
(’97 Baym+)
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry. 

- Source term from chiral anomaly ... exists if �EY · BY � �= 0

It is nonzero in thermal environment and if maximally helical!
|Y R

k |2 � |Y L
k |2

Ampere’s law: ��BY = �(EY + v �BY ) + ĖY + · · ·

�EY · BY � �
1
�
�BY · ��BY �+ · · ·

wavelength

Field strength

�B

Bp

BY � ��BY(If maximally helical                      )
� 2�B2

p/�B

(’98 Giovannini&Shaposhnikov)

(’00 Arnold+)� � 102TElectric conductivity:
(’97 Baym+)
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry. 

- Source term from chiral anomaly S1 �
g�2

8��

2�B2
p

�B

- Washout term: EW sphaleron (?)
Maximal Temperature of the Early Universe 9

Sphaleron

cL

τ

L

e
µ

Ls
Ls t

b

b

ν

ν
ν

u

d

d

L

L

LL

L

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)

(’85 Kuzmin, Rubakov&Shaposhnikov)

W. Buchmüller, 1212.3554 
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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)

Washes out B(+L) asymmetry carried 
by left-handed fermions:  

(’85 Kuzmin, Rubakov&Shaposhnikov)

�W � 20�5
W T

W. Buchmüller, 1212.3554 

(’97 Moore)
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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 

Washes out B(+L) asymmetry carried 
by left-handed fermions:  

(’85 Kuzmin, Rubakov&Shaposhnikov)

�W � 20�5
W T

Spin-flip interactions are needed to 
remove asymmetry carried by right-
handed fermions

e�L e+
R

�

yij
e

(’92 Campbell+)

�e �
|ye|2

8�
T

(’97 Moore)
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At the symmetric phase, �W � �e

Baryon asymmetry has the form
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s
�

Washout is determined by spin-flip interactions 

(Source term from chiral anomaly)
(Washout term from spin-flip interaction)xs
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry. 

- Source term from chiral anomaly S1 �
g�2

8��
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p
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- Washout term: EW sphaleron (?) (’85 Kuzmin, Rubakov&Shaposhnikov)

At the symmetric phase, �W � �e

Baryon asymmetry has the form

�B �
nB

s
� S1

s�e
�

(g�2/4�)B2
p/�B

(|ye|2/8�)sT

(※ Chiral magnetic effect can change the washout term.) 

Washout is determined by spin-flip interactions 
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Figure 2: Evolution of the baryon asymmetry in the presence of decaying helical magnetic field.

We take B
0

= 10�16 G for the field strength today, �
0

= 10�2 pc for the coherence length today,

and fh$ee = f
flip

= 1 for the spin-flip fudge factor. The magnetic field is injected at a temperature

T
ini

, 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 B
0

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 = f
flip

= 1, the largest relic baryon asymmetry ⌘B ' 5 ⇥ 10�12 is

obtained for B
0

' 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 B
0

& 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-

29

(’98 Giovannini&Shaposhinikov
 ’16 Fujita&KK, KK&Long)
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Short summary

- The source term for B-asymmetry from hypermagnetic helicity 
decay is nonzero in thermal environment:

- Baryon asymmetry is determined by the balance between 
the source term and washout effect from the spin-flip interaction 
in the symmetric phase.
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Realization in the early Universe
We must take care of the effect of EW crossover. 

Higgs VEV develops -> Weak bosons get massive
- Source term vanishes due to hypermagnetic to electromagnetic 
field conversion. (EM theory does not violate B)
- Washout term gets ineffective due to EW sphaleron shut off.
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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)
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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
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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

-                 at   �W � �e T � 140GeV

�B � (g�2/8�)�E · B�
�W

exponential growth? 

washout is determined by EW sphaleron 



Courtesy H.Oide

EW sphaleron shutoff at EW crossover

3

140 150 160 170 180
T / GeV

0

0.2

0.4

0.6

0.8

1

v2 (T
) /

 T
2

multicanonical
standard
perturbative

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

-15

-10

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

(’14 D’Onofrio)

�W � exp[�145 + 0.8(T/GeV)]T

- In equilibrium until T � 130 � 135GeV

- If the hypermagnetic to electromagnetic 
field conversion completes earlier, 
no B-asymmetry will be left. 

(’98 Giovannini&Shaposhnikov)
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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±.
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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

✓W(t)

BY Bem

BZ

BW 3

BA

Figure 1: A graphical representation of the conversion from hypermagnetic field B

Y

into elec-

tromagnetic field B

em

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 A
µ

(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 A
µ

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

Sbkg

w

=
1

2

⇣ 1

sT

1

16⇡2

⌘
g2
⇣
sin2 ✓W(t)A

µ⌫

Ãµ⌫ + 2
d✓W

dt
sin 2✓W(t)�0

µ

A
⌫

Ãµ⌫

⌘
(2.4a)

Sbkg

y

=
⇣ 1

sT

1

16⇡2

⌘
g02

⇣
cos2 ✓W(t)A

µ⌫

Ãµ⌫ � 2
d✓W

dt
sin 2✓W(t)�0

µ

A
⌫

Ãµ⌫

⌘
(2.4b)

Sbkg

yw

= 2
⇣ 1

sT

1

16⇡2

⌘
gg0

⇣
sin ✓W(t) cos ✓W(t)A

µ⌫

Ãµ⌫ + 2
d✓W

dt
cos 2✓W(t)�0

µ

A
⌫

Ãµ⌫

⌘
(2.4c)

where A
µ⌫

is the field strength tensor associated with A
µ

(x), and Ãµ⌫ = ✏µ⌫⇢�A
⇢�

/2 is the dual

7

co
s2

� W
(t

)

Due to thermal mass, the conversion does not take place 
abruptly at                      but proceeds relatively slow. T � 160GeV

Lattice results

Analytic (1-loop)

(’16 D’Onofrio)
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Note that EY � Ẏ � �̇W sin �W Y

�EY ·BY � � �̇W �Y ·BY � � �̇WH/V � �̇W �BB2
p/2�

This is not surprising! 

�QB = #�Ncs �#�HY

at the conversion: HY � Hem = HY + Ncs
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Resultant baryon asymmetry
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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 � T
step

�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 = M
0

/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

(T
step

= 162 GeV, �T = 1 GeV) in Fig. 2. In this case, the weak mixing angle quickly transitions
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Figure 3: Evolution of the baryon asymmetry ⌘
B

during the EW crossover. The temporal coor-

dinate is x = T/H = M
0

/T . The four panels correspond to di↵erent values of the relic magnetic

field strength B
0

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 T
step

= 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 S
AB

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 ⇡ T
sph,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: 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 � T
step

�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 = M
0

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

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

follows.
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' 130 GeV, is able to wash

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

If appropriate hyper MFs existed around the EWSB, 
B-asymmetry of the present Universe can be explained w/o BSM (?)
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FIG. 6: Evolution of magnetic energy spectra in the turbulent regime for magnetic fields with initially maximal helicity. The
spectral index of the energy spectra is n ≈ 4.

neutral and charged particles is rapid enough. To investigate if this is the case one has to consider the (here assumed
incompressible) equations of MHD with a significant neutral component

ϱi

(

∂vi

∂t
+ vi ·∇vi

)

=
(∇× B) × B

4π
− ϱi αin (vi − vn) (20)

ϱn

(

∂vn

∂t
+ vn ·∇vn

)

= −ϱn αni (vn − vi) (21)

where ϱn, ϱi, vn, vi are matter density and velocity of neutrals and ions, respectively, and we will assume ϱi ≪ ϱn

throughout. The momentum transfer rate due to neutral-ion collisions satisfy

αni =
ϱi

ϱn
αin ≈ Xe αin (22)

The equations of MHD are closed by including the induction equation

∂B

∂t
= ∇× (vi × B) (23)

for ions. The condition of tight coupling between ions and neutrals, i.e. vD ≡ vi − vn ≪ vi may be derived from
Eq. (21) (noting that the first two terms are usually of the same magnitude) to be equivalent to

vi

L
≈

vn

L
≪ Xe αin (24)

One may show (cf. also [39, 40, 41]) self-consistently that in this limit the LHS of Eq. (20) is negligible, leaving the
ion-neutral drift velocity vD in the terminal velocity regime

vD =
(∇× B) × B

4π ϱi αin
(25)

Inserting this equality into Eq. (21), and for vn ≈ v, where v is the center-of-mass velocity, one obtains the usual
Euler equation Eq. (1). The induction equation (23) is modified to include a dissipative term. Replacing vi = vD +vn

one finds

∂B

∂t
= ∇× (v × B) + ∇×

(

(∇× B) × B

4π ϱi αin
× B

)

. (26)

(’04 Banerjee+)

Maximally helical MFs 
experiences inverse cascade. 

kB � (vAt)�1, vA =
Bp�

�ch + pch

Bp � a�7/3, �B � a5/3

(’12. Kahniashvili+)

�0 � 1pc
�

B0

10�14G

�

(’04 Banerjee+)

 (cf. M. Peloso’s talk; 
       Recent study: ’16 Adshead+)
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BAU can be written in terms of present IGMFs
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Figure 4: The relic baryon asymmetry as a function of the relic magnetic field strength and coher-

ence length today. The five pairs of colored lines correspond to the di↵erent parameterizations of

✓W(t) in Fig. 2: the solid lines show the result of numerical integration, ⌘
B

(T = 100 GeV), and the

dashed lines show the analytic approximation (3.6) evaluated at T = 135 GeV. The (gray) dotted

curve corresponds to the calculation in Ref. [58].

baryon asymmetry is too large, then our calculation is unreliable. Specifically, in deriving the

Boltzmann equations [58] we have assumed that µ
i

/T ⌧ 1 for the chemical potentials µ
i

associated

with each of the SM particle species. The corresponding abundance is calculated as ⌘ = µT 2/(6s) '
(4⇥10�3)(µ/T ) with s = (2⇡2/45)g⇤ST 3 the entropy density and g⇤S ' 106.75. Then, the condition

µ
i

/T ⌧ 1 implies ⌘
i

⌧ 10�3. Consequently, the formula in Eq. (3.6) for the equilibrium baryon

asymmetry cannot be trusted6 if ⌘
B

� 10�3, but the calculation is certainly reliable for ⌘
B

as large

as 10�10. We discuss further in Appendix A the reliability of our calculation in the large ⌘
B

regime.

5 Avoiding Baryon-Number Over-Production

As we discussed in the Introduction, various blazar observations provide evidence for the existence

of an intergalactic magnetic field with strength B
0

& 10�14 G and coherence length �
0

& 1 pc.

However, our calculations of the relic baryon asymmetry, which are summarized in Fig. 4, imply

6One might wonder whether the conclusion of baryon number over-production can be avoided in the strong field

regime where a more sophisticated calculation is required to accurately infer the late-time behavior of ⌘B . While we

cannot exclude this possibility outright, we cannot envisage any mechanism that would suppress ⌘B back down to

order 10�10.

17

B0 � 10�16�17G �0 � 10�2�3pc

(’16 KK&Long)
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Compare to suggestion from blazar observations...

MF correlation length

M
F 
st
re
ng

th
 

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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Too short 
corr. length.

�0 � 1pc
�

B0

10�14G

�

CMB constraint

Baryons are overproduced!!

Blazar observations

(’15 Finke+)
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Summary & Conclusion

- B-asymmetry can be generated by helical hyper MFs within the SM.

- EW sphaleron do not completely washout the asymmetry generated 
by this mechanism even at the EW crossover.

- The MFs responsible for this mechanism can persist until today. 

- Present B-asymmetry is explained for                                         . B0 � 10�16�17G �0 � 10�2�3pc

- There might be baryon overproduction problem. 
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Possible way-outs

- Blazar observation is explained by other mechanism or 
late-generated MFs: the PMFs responsible for BAU is still hidden. 

- Blazar observation is explained by PMFs, but it is not maximally
but partially helical. BAU is generated by this PMFs.

Future directions
- Model building of magnetogenesis. 

- Determine the IGMF properties. Especially helicity.  

- More accurate description of EW crossover.  
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Appendix
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Light and shadow of Sphalerons:  
E

Msph

B = b0−Nf

L = l0−Nf

B = b0

L = l0

B = b0+Nf

L = l0+Nf

[A,ϕ ][Asph, ϕsph ]

Figure 1.1: A Schematic behavior of the energy dependence on the configuration of
the gauge and Higgs fields [A(x),ϕ(x) ] [6]. The minima correspond to topologically
distinct vacua with different baryon (B) and lepton (L) numbers. The configuration
[Asph(x), ϕsph(x) ] represents the saddle point of the energy functional, the sphaleron
solution.

to the next vacuum (B = b0 ± Nf and L = l0 ± Nf) occurs at the rate [6]

Γ = C(T ) T exp

(

−
Msph(T )

T

)

, (1.5)

where dimensionless factor C(T ) depends on the ratio v(T )/T and the coupling constants.4

Msph(T ) represents the free energy of the sphaleron configuration (at temperature T ),

which is given by [31]

Msph(T ) = 4πB(T )
v(T )

g2(T )
, (1.6)

where B(T ) depends on the gauge coupling g2(T ) and the 4-point coupling constant of

the Higgs potential λ(T ) as B = B(λ/g2
2), varying from 1.5 (λ/g2

2 → 0) to 2.7 (λ/g2
2 →

∞) [31]. The rate in Eq. (1.5) should be compared with the Hubble expansion rate

H = (π2g∗/90)1/2 × T 2/MG. (MG = 2.4× 1018 GeV is the reduced Planck scale and g∗ is

defined in Appendix B.2.) Then, it is found that the sphaleron rate in Eq. (1.5) indeed

exceeds the Hubble expansion rate for T > T∗, where T∗ is given by

T∗ ≃ 4πB(T∗)
v(T∗)

g2(T∗)
×
[
ln
(

MG

T∗

)]−1

. (1.7)

4See comments below.
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(’76 ‘t Hooft)

Chiral anomaly in SM                             breaks B and L 
- Nontrivial vacuum structure of SU(2)
- Sphaleron (B-L preserved; B+L) => EW baryogenesis

�µjµ
f �

�

8�
TrWµ�W̃µ�

Leptogenesis

(’02 Hamaguchi)
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Light and shadow of Sphalerons:  (’76 ‘t Hooft)
Sphaleron (+charge conservation & Yukawa) 
washes out preexisting B+L asymmetry before EWPT. 

(’85 Kuzmin, Rubakov & Shaposhnikov)
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Light and shadow of Sphalerons:  (’76 ‘t Hooft)
Sphaleron (+charge conservation & Yukawa) 
washes out preexisting B+L asymmetry before EWPT. 

(’85 Kuzmin, Rubakov & Shaposhnikov)

Successful BAU
<-> B-L genesis. 

It is often considered that... 

“For the present BAU, not B but B-L is needed.” 

B

L

B-L=0

Baryogenesis

Leptogenesis B= -      L28
51

Sphaleron
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Chiral Magnetic Effect (CME)

In the presence of MFs, magnetic moments of fermions aligned along MFs.
This generates electric current oppositely for left and right-handed fermions.

(’80 Vilenkin)
2

FIG. 1: Understanding the �B e↵ect. An external magnetic field tends to align the magnetic moments of the four electron
states – left-right handedness for electron and positron, denoted in the figure as L+, L�, R+, R� – which implies the shown
directionalities of the spin, momenta, and electric current due to each state . If the four states are present in unequal numbers,
net electric current may be induced.

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

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

J�! / [n(e�L ) + n(e+R)]� [n(e�R) + n(e+L)]. (5)

The presence of non-zero µL means that n(e�L ) 6= n(e+R) and of µR that n(e�R) 6= n(e+L). However, if µL = µR then
n(e�L ) = n(e�R) and n(e+R) = n(e+L), and J�! vanishes. Also if µL = �µR then n(e�L ) = n(e+L) and n(e+R) = n(e�R), and
again J�! = 0. So for J�! to be non-vanishing, we need �µ2 ⌘ µ2

L � µ2
R 6= 0. The exact calculation in Ref. [16] gives

J�! =
e

4⇡2
�µ2

! , (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+)

jCME =
2
�

�µ5BElectric current proportional to 
the chiral asymmetry is induced:

µ5 =
�

i

q2
i µR,i �

�

j

q2
j µL,j :charge weighted chiral chemical potential

The structure differs, but this effect exists both before and after EWPT. 
(See also ’14 Long, Sabancilar and Vachaspati)
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Modified Ampere’s law
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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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MFs produced by a causal process will stay at: 

Fig. 2: Light, medium and dark grey: known observational bounds on the strength and correla-
tion length of EGMF, summarized in the Ref. (25). The bound from Big Bang Nucleosynthesis
marked “BBN” is from the Ref. (2). The black hatched region shows the lower bound on the
EGMF derived in this paper. Orange hatched regions show the allowed ranges of B,λB for
magnetic fields generated at the epoch of Inflation (horizontal hatching) the electroweak phase
transition (dense vertical hatching), QCD phase transition (medium vertical hatching), epoch of
recombination (rear vertical hatching) (25). White ellipses show the range of measured mag-
netic field strengths and correlation lengths in galaxies and galaxy clusters.
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Backreaction to the B-field dynamics from CME
We evaluate the B-field evolution as

Ḃp � HBp

through Inverse Cacade
CME w/o IC leads
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Constraints on the magnetic fields 

Fig. 2: Light, medium and dark grey: known observational bounds on the strength and correla-
tion length of EGMF, summarized in the Ref. (25). The bound from Big Bang Nucleosynthesis
marked “BBN” is from the Ref. (2). The black hatched region shows the lower bound on the
EGMF derived in this paper. Orange hatched regions show the allowed ranges of B,λB for
magnetic fields generated at the epoch of Inflation (horizontal hatching) the electroweak phase
transition (dense vertical hatching), QCD phase transition (medium vertical hatching), epoch of
recombination (rear vertical hatching) (25). White ellipses show the range of measured mag-
netic field strengths and correlation lengths in galaxies and galaxy clusters.
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Fig. 2: Light, medium and dark grey: known observational bounds on the strength and correla-
tion length of EGMF, summarized in the Ref. (25). The bound from Big Bang Nucleosynthesis
marked “BBN” is from the Ref. (2). The black hatched region shows the lower bound on the
EGMF derived in this paper. Orange hatched regions show the allowed ranges of B,λB for
magnetic fields generated at the epoch of Inflation (horizontal hatching) the electroweak phase
transition (dense vertical hatching), QCD phase transition (medium vertical hatching), epoch of
recombination (rear vertical hatching) (25). White ellipses show the range of measured mag-
netic field strengths and correlation lengths in galaxies and galaxy clusters.
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