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Outline 

①  How should we approach a problem like baryogenesis, and 
what in the world does it have to do with magnetic fields? 

②  Exploring the interplay between quantum anomalies and 
magnetic fields in (the relative safety of) QED. 

③  How does it all work in the Standard Model?   
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based on 1606.08891 (also PRD) with Kohei Kamada (postdoc @ ASU)



Three BIG PROBLEMS 
of  Modern Cosmology 

The DARK MATTER Problem 
What’s responsible for the large scale structure? 
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The DARK ENERGY Problem 
What’s causing the accelerated expansion of  the universe? 

The ”ordinary 
matter” Problem 
Why is there so much more 
matter than anti-matter? 
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Solving the  
“ordinary matter” problem 
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Suppose that the matter / anti-matter asymmetry was created in association with some 
other cosmological relic.  By probing the associated relic today, we may learn about 
baryogenesis in the early universe.   

Gravitational Wave Background
Topological Defect Network

…
Primordial Magnetic Field

Potential Associated Relics:



Why Primordial Magnetic Fields? 
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… waveguides 
 
… Bessel functions 
 
… multipole moments 
 
… diffraction 
 
… “Effect of a Circular Hole in a Perfectly 
Conducting Plane with an Asymptotically 
Uniform Tangential Magnetic Field on 
One Side” (sec 5.13) 



Why Primordial Magnetic Fields? 
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Observation Motivation: 

•  A relic of  the PMF can persist today as an inter-
galactic magnetic field.  We know very little 
about magnetic fields on cosmological scales.   

•  Galaxies and clusters are observed to possess a 
micro-G level magnetic field.  The origin of  this 
field is a mystery.  Galactic field may have been 
generated from the dynamo amplification of  a 
much weaker seed field, possibly primordial.   

•  Observations of  TeV blazar spectra are consistent 
with magnetic broadening of  the EM cascade. 

•  The IGMF might be discovered -- and its nature 
probed -- by future observations of  TeV blazars.   

TeV	γ
GeV	γ

EM	cascaded	broadened	by	
intergalactic	B-field

IGMFs and GeV emission of 1ES 0229+200 L73

Figure 2. SED of 1ES 0229+200 in the high-energy band and the expected reprocessed GeV emission. Red points show the observed H.E.S.S. spectrum
(Aharonian et al. 2007) and the green points the points after the correction for the absorption with the Low SFR EBL model of Kneiske et al. (2004). See
Tavecchio et al. (2009) for details. The short-dashed black line is an approximation of the intrinsic spectrum, modelled as a hard power law. The long-dashed
line is the corresponding absorbed spectrum following Kneiske et al. (2004). The shaded grey region between these two lines shows the absorbed flux. Note
that the total amount of absorbed power, that is the relevant quantity for the estimate of the level of the reprocessed GeV emission, is only slightly sensitive to
the assumed spectral shape, since it is dominated by the flux at the largest energies. The coloured lines report the approximation of the expected reprocessed
spectrum for different values of the IGMF, B = 10−15, 10−14, 10−13 G and two different values of the initial collimation angle (θc = 0.1 and 0.05 rad, solid
and dashed–dotted lines, respectively), determining the intrinsic beaming of the primary radiation. For comparison, we also report the curves (black dotted
lines) corresponding to the two extreme cases of (upper) B = 0 and (lower) completely isotropy of the reprocessed emission (extremely large B). Black points
show the Fermi/LAT upper limit to the flux in the 100 MeV–1 GeV, 1–10 GeV and 10–30 GeV bands obtained through the spectral parameters derived with
the standard analysis (see the text for more details). The black solid line shows the lowest possible reprocessed spectrum consistent with the upper limits,
corresponding to a magnetic field of B = 5 × 10−15 G (for θc = 0.1).

of 10 per cent at 100 MeV, 5 per cent at 500 MeV and 20 per cent
at 10 GeV (Rando et al. 2009).

3.2 Results

Fig. 2 shows the high-energy SED of 1ES 0229+200 including the
TeV data from H.E.S.S. (red) and the same points corrected for
the absorption (green) using the Low SFR model of Kneiske et al.
(2004). We assume that the intrinsic spectrum is well represented
(dashed line) by a hard power law, FE ∝ E1/3 (see Tavecchio et al.
2009 for the justification of this choice). The black dotted line is the
corresponding absorbed spectrum using the Kneiske et al. (2004)
model. The area in grey shows the flux absorbed and available for
reprocessing. As long as the intrinsic spectrum is hard, the amount
of absorbed energy depends only on the intrinsic luminosity of the
highest energy bin Emax. The most conservative limit on the IGMF
corresponds to the lowest amount of reprocessed radiation that in
turn corresponds to the smallest intrinsic luminosity. To this aim,
we use the EBL model providing the lowest opacity around 10 TeV.

We report the LAT upper limit in the 0.1–1, 1–10 and 10–30 GeV
bands (Table 1). The solid and dot–dashed lines report the expected
reprocessed emission assuming three different values of the IGMF
and two different beaming angles (0.05 and 0.1 rad, corresponding

to bulk Lorentz factors " = 20 and 10, respectively) for the intrinsic
blazar emission. The black line is calculated for the minimum value
of the magnetic field consistent with the upper limit, B = 5 ×
10−15 G. Note that, due to the very hard reprocessed spectrum, the
most stringent upper limit is that at the highest energies, 10–30 GeV.
Beaming angles θc smaller than those assumed here (corresponding
to larger bulk Lorentz factors of the jet) would result in lower values
for the upper limit on B (see equation 6).

We remark that unlike the methods based on the estimate of the
rotation measure in the radio band (e.g. Kronberg 2001), with which
it is possible to derive upper limits to the IGMF, this method allows
us to put a lower limit on B. If the hint of detection in the highest
energy bin is real, we have two possibilities: either it is the repro-
cessed radiation, and in this case it gives a measure of B, or it is still
primary emission from the blazar (even if belonging to a component
different than that observed at TeV energies; e.g. Tavecchio et al.
2009), and in this case our limit would still hold.

4 DISCUSSION

The lower limit on the value of the magnetic field derived here,
B > 5 × 10−15 G, can be considered one of the most stringent
values ever derived for the IGMF. The value is mainly constrained

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, L70–L74
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Neronov	&	Semikoz	(2009);	Tavecchio,	et.	al.	(2010)	
Neronov		&	Vovk	(2010);	Taylor,	Vovk,	&	Neronov	(2011)	



Why Magnetic Fields? 
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Theory Motivation: 

•  The Standard Model provides a link between magnetic field and baryon number.   
•  This is through the well-known B+L anomaly:   

 

•  SU(2)L term … plays a role in many models of  baryogenesis (EW sphaleron) 

•  U(1)Y term ... usually neglected ... but let’s take a closer look ...  

‘t	Hooft	(1976)	

SU(2)L gauge field U(1)Y gauge fieldbaryon & lepton number

Kuzmin,	Rubakov,	Shaposhnikov	(1985)	



Theory Motivation: 

•  The U(1)Y term is built from the pseudo-scalar source 

•  Performing the volume integral gives …  

•  ... which leads to …  

Why Magnetic Fields? 
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A changing 
hyper-magnetic helicity 
sources baryon-number!  

Other	approaches	to	BAU-from-PMF:		Bamba,	Geng,	&	Ho	(2007)	



Quantum Effects in QED 
at Finite Density 
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Massless Electrodynamics 

Let’s think about massless electrodynamics. 
 
 
There are four kinds of  particles, classified by their 
quantum numbers under two charges. 
 
 
 
 
 
Interactions between these particles and the 
photons leave the two charges conserved.   

electric
charge

chiral charge == helicity (h=S.p)
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We are interested in how the various particle densities evolve.  (Analogous to baryon 
number in the Standard Model.)   
 
We describe the evolution with a system of  Boltzmann equations.  (schematic!) 

Bring System to Finite 
Temperature and Density 

These terms account for particle-
changing processes like annihilations:

These equations encode the electric 
& chiral charge conservation:
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When quantum effects are taken into account, the chiral charge is not conserved.   
This is the well-known chiral (or axial) anomaly of  QED [Adler, Bell, Jackiw, ’69] 
 
 
 
How does this affect our Boltzmann equations?  In the presence of  a mag. field… 

Including Quantum Effects 

where the source term is  

The anomaly violates the 
conservation of chiral charge
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Semi-Classical Understanding 

B 
E 

E-field wants
p align with qE

B-field wants
µ∼qS align with B

good for both E & B

good for both E & B

(“quantum effects”)
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Semi-Classical Understanding 

B 
E 

E-field wants
p align with qE

B-field wants
µ∼qS align with B

good for both E & B

good for both E & B

(“quantum effects”)
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Diagrammatic Understanding 
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E ·B< 0

E ·B> 0



The Chiral Magnetic Effect 

In a medium with a chiral asymmetry (nonzero net chiral charge) a magnetic field 
induces a current in electric charge.  Also well-known,  

B-field wants
µ∼qS align with B

electric 
current

B 

Ohm’s law chiral mag. effect

[Vilenkin, ’80  
… Fukushima, Kharzeev, & Warringa, ’08]. 
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The Chiral Magnetic Effect 

In a medium with a chiral asymmetry (nonzero net chiral charge) a magnetic field 
induces a current in electric charge.  Also well-known,  

B-field wants
µ∼qS align with B

electric 
current

B 

Ohm’s law chiral mag. effect

[Vilenkin, ’80  
… Fukushima, Kharzeev, & Warringa, ’08]. 

Andrew J. Long at UW-Madison, Sep. 13, 2016 17 



QED at Finite Density in a 
Magnetic Field 

spin-flip reactions that 
violate chiral charge 
conservation, induced 
by the electron mass

electron-positron annihilation 
via interactions with photons

Source term is a pseudo-scalar.  
Arises in presence of a helical 
magnetic field.  

chiral magnetic effect tends to 
erase any chiral asymmetry.    
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Recent applications to early universe:  Frohlich & Pedrini, ‘00; 
Boyarsky, Frohlich, & Ruchaiskiy, ‘12; Pavlovic, Leite, & Sigl, ‘16 



QED at Finite Density in a 
Magnetic Field 
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source washout

magnetic helicity wants to 
grow the chiral asymmetry

spin-flip and CME want to 
washout the asymmetry



BAU from PMF 
in the full Standard Model 
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Re-Orientation 
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(1)  Particle content and interactions described by the Standard Model (no BSM). 

(2) Consider the early universe at T > 100 GeV where the EW symmetry is restored. 

(3)  Suppose that initially all particle / anti-particle asymmetries are vanishing.   

(4)  Inject a helical hyper-magnetic field at some (arbitrary) temperature Tini 

(5)  Solve the Boltzmann equations.  Determine evolution of  the various asymmetries.   
 

è Where does this magnetic field come from? 

è Aren’t you displacing the problem of  baryogenesis into magnetogenesis? 

è If  (B-L)=0 how do you avoid washout by EW sphalerons? 



Origin of  the Magnetic Field 
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For example, a helical magnetic field 
may be generated during inflation from a 
pseudo-scalar inflaton or spectator field. 

�Lint =
'

4f
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d'/dt

2f
A ·B+ · · ·
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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-back-reaction calculation.

therefore lead to significant sampling errors by randomly sampling or missing each band.
However, a simple time-averaging can still bring out the underlying red-shifting behavior.

Furthermore, at early times, the numerical results for the magnetic field and correlation
length obtained from the integration of the expressions given in eq. (2.17) and eq. (2.18) are
somewhat dependent on the upper limit of integration, as seen in Fig. 4. This is indicative
of a renormalization issue that we have not addressed. If one would integrate the mode
amplitude in an infinite k interval, the Bunch Davies contribution would cause the integral
to diverge. In any reasonable finite range of wavenumbers, once the tachyonic resonance sets
in, the modes that are amplified will dominate the energy density, and correspondingly the
magnetic field intensity. Renormalization will not be required, unless the considered range of
wavenumbers is exponentially larger than the range of amplified wavenumbers. We return to
this issue in section 3.2.3.

The power spectra for the two gauge field polarization modes calculated through the
no-back-reaction approximation and using the full lattice code are in excellent agreement, as
shown in Fig. 5.

– 12 –

Lattice simulation of  B-field 
growth during preheating:    

Adshead,	Gilpin,		
Scully,	Sfakianakis	(2016) 

axion coupled to EM   …  rolling sources helicity  ...   opens kinetic instability 
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How will we model the magnetic field? 
 
In general, a stochastic magnetic field is specified by two spectra: 

 
Simplifying Assumptions: 
•  mono-chromatic:  PB ~ δ(k-2π/λB) 
•  maximally-helical:  PaB = +- PB 

 
 
Evolution: 
•  Can be described by equations of  magneto-hydrodynamics (turbulence). 
•  A freely decaying, helical magnetic field experiences the inverse cascade. 

energy spec.  helicity spec.

(feeds into chiral mag. effect)

(feeds into source term)

Frisch,	Pouquet,	Leorat,	Mazure,	75,76	
Banerjee	&	Jedamzik,	2004	

Campenelli,	2007	
Kahniashvilli	et.	al.	2013	
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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
udw,

�i
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hhw in Eq. (2.24). The source terms,

Sij
dhu ⌘ �ij

dhu

2

⇣⌘diL
kdiL

+
⌘�+

k�+
�

⌘uj
R

kuj
R

⌘

, Sij
uhu ⌘ �ij

uhu

2

⇣⌘ui
L

kui
L

+
⌘�0

k�0
�

⌘uj
R

kuj
R

⌘

, (2.11a)

Sij
uhd ⌘ �ij

uhd

2

⇣⌘ui
L

kui
L

� ⌘�+

k�+
�

⌘djR
kdjR

⌘

, Sij
dhd ⌘ �ij

dhd

2

⇣⌘diL
kdiL

� ⌘�0

k�0
�

⌘djR
kdjR

⌘

, (2.11b)

Sij
⌫he ⌘

�ij
⌫he

2

⇣⌘⌫iL
k⌫iL

� ⌘�+

k�+
�

⌘ejR
kejR

⌘

, Sij
ehe ⌘

�ij
ehe

2

⇣⌘eiL
keiL

� ⌘�0

k�0
�

⌘ejR
kejR

⌘

, (2.11c)

arise from the Yukawa interactions. We estimate the transport coe�cients in Eq. (2.26). After the

electroweak phase transition, the gauge and Yukawa interactions mediate scattering with the Higgs
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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

Sbkg
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=
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↵
y

4⇡

1

2
✏µ⌫⇢�hYµ⌫ihY⇢�i (2.44a)
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2
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2
✏µ⌫⇢�hW a

µ⌫ihW a
⇢�i (2.44b)
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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

Sbkg

w

= 0 and Sbkg

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

⇡
↵
y

µ
5,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)

9Since 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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Recall that (B-L) = 0 at all times!  But, Kuzmin, Rubakov, & Shaposhnikov (‘85) 
taught us that B à 0 and L à 0 in equilibrium.  How is washout avoided? 
 
In the symmetric phase (T > 160 GeV), the EW sphaleron tries to drive (B+L) to 
zero, but the U(1)Y field sources (B+L) and prevents B,L à 0.   
 
 
 
In the broken phase (T < 160 GeV), the EW sphaleron remains in equilibrium 
until T~140 GeV.  Since the U(1)em field doesn’t source B-number (because, vector-
like interactions), why doesn’t B-number washout? … The U(1)em field sources 
chiral charge (like in QED) and prevents B-washout in the R-chiral fermions.   
 
toy
model
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Let’s play with the parameters until we get ηB ~ 10-10 to match observed BAU 
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Sweet Spot (star)

•  Yields observed baryon 
asymmetry, ηB=10-10

•  Magnetic field is strong enough 
to seed the galactic dynamo …

•  … and explain blazar spectra 
data (missing GeV gamma rays).

•  Possible to probe directly with 
future blazar observations 
(possibly via halo morphology).

•  Consistent with MHD evolution 
of a causally generated B-field 
within theoretical uncertainties.

[Long	&	Vachaspati,	2015]	
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How does the U(1)Y field become a U(1)em field at the crossover?   
 
The Higgs condensate v(T) starts to grow from zero at T = 162 GeV.   
 
The Z-part of  the U(1)Y field becomes massive and decays leaving the U(1)em field.   
 
For the analysis I’ve just described, we assumed that the Z-field decays away entirely 
at T = 162 GeV.  In other words, we calculate Bem by matching 
 
 
This is a conservative approach.  Since the U(1)em field does not violate B-number, 
the source term for (B+L) shuts off  instantaneously at 162 GeV, in our model.   
 
The instantaneous transformation approximation may have led us to under-estimate 
the baryon asymmetry.  Let’s take a closer look.   
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Analytic estimates (Kajantie, Laine, Rummukainen, & Shaposhnikov, ‘97) and lattice simulations 
(D’Onofrio & Rummukainen, ‘15) reveal that the mixing angle varies slowly during crossover. 

Preliminary calculations 
reveal a large enhancement of  
the relic baryon asymmetry.   
 
ηB = 10-10 is easily 
accommodated and too-
strong field may be ruled out 
by baryon over-production! 
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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
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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

c
o
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2
✓(
T
)

T/GeV

Washout by EW 
sphaleron stops 
here, but source 
remains active.  
Enhances (B+L). 

B-field carried by U(1)Y

B-field carried by U(1)em



Conclusion: What have we learned 
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I have discussed how the matter / anti-matter asymmetry may have arisen from a 
primordial magnetic field in the symmetric phase of  the electroweak plasma.   
 
A few interesting features to emphasize: 
①  No (B-L)-violation is required even though T > 100 GeV.
②  No BSM physics is required (except for generating the initial B-field).
③  Thus, some amount of helical-PMFàBAU conversion is inevitable!  

Under conservative assumptions, the observed BAU is reproduced for a “sweet 
spot” … B0 ~ 10-14 G and λB ~ 0.1 pc ... and relaxing these assumptions is expected 
to open up the parameter space (ongoing work).   
 
With such a strong B-field, it could be possible to uncover the relic inter-galactic 
magnetic field, possibly with future observations of  TeV blazars.  With these 
measurements, we indirectly probe the origin of  the matter/antimatter asymmetry.   


