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Particle content of the universe
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The Standard Model of the 
Elementary Particles
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1
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1
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2
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yw

⌘
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NgX
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⇣
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⇣
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dhu

⌘
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S
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⇣
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⇣
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⇣
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⇣
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⇣
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⇣
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⌘
. (2.9j)

The source terms fall into the following categories. The source terms,
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kW+

!
, (2.10a)
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!
, (2.10b)

Shhw ⌘ �hhw

✓
⌘�+

k�+
�

⌘�0

k�0
�

⌘W+

kW+

◆
, (2.10c)
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arise from the weak gauge interactions. We estimate the corresponding transport coe�cients, �i
udw,

�i
⌫ew, and �hhw in Eq. (2.24). The source terms,
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⇣⌘diL
kdiL

+
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�
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R
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⌘
, S
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�ij
uhu

2
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L

kui
L

+
⌘�0

k�0
�

⌘uj
R
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R

⌘
, (2.11a)
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�
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�
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⌘djR
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⌘
, (2.11b)

S
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⌫he ⌘

�ij
⌫he
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⇣⌘⌫iL
k⌫iL

�
⌘�+

k�+
�

⌘ejR
kejR

⌘
, S

ij
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

condensate. This gives rise to the additional source terms,

S
ij
uu ⌘ �ij

uu

⇣⌘ui
L

kui
L

�

⌘uj
R

kuj
R

⌘
, (2.12a)

S
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dd ⌘ �ij

dd
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kdiL

�

⌘djR
kdjR

⌘
, (2.12b)

S
ij
ee ⌘ �ij

ee

⇣⌘eiL
keiL

�

⌘ejR
kejR

⌘
, (2.12c)

Shw ⌘ �hw

✓
⌘�+

k�+
�

⌘W+

kW+

◆
, (2.12d)

Sh ⌘ �h
⌘�0

k�0
. (2.12e)

We estimate these transport coe�cients in Eq. (2.29).

The remaining source terms are associated with the Standard Model chiral anomalies. Ther-

mal fluctuations of the non-Abelian gauge fields lead to the terms

Ss,sph ⌘ �s,sph

NgX

i=1

 
⌘ui

L

kui
L

+
⌘diL
kdiL

�

⌘ui
R

kui
R
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⌘diR
kdiR

!
, (2.13a)
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+
Nc
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+
1

2
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+
1
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⌘eiL
keiL

!
, (2.13b)

which are known as the strong and electroweak sphalerons. We extract the transport coe�cients

from the results of lattice simulations in Eqs. (2.43a) and (2.43b). In the presence of a background

9

arise from the weak gauge interactions. We estimate the corresponding transport coe�cients, �i
udw,

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

S
ij
dhu ⌘

�ij
dhu

2

⇣⌘diL
kdiL

+
⌘�+

k�+
�

⌘uj
R

kuj
R

⌘
, S

ij
uhu ⌘

�ij
uhu

2

⇣⌘ui
L

kui
L

+
⌘�0

k�0
�

⌘uj
R

kuj
R

⌘
, (2.11a)

S
ij
uhd ⌘

�ij
uhd

2

⇣⌘ui
L

kui
L

�
⌘�+

k�+
�

⌘djR
kdjR

⌘
, S

ij
dhd ⌘

�ij
dhd

2

⇣⌘diL
kdiL

�
⌘�0

k�0
�

⌘djR
kdjR

⌘
, (2.11b)

S
ij
⌫he ⌘

�ij
⌫he

2

⇣⌘⌫iL
k⌫iL

�
⌘�+

k�+
�

⌘ejR
kejR

⌘
, S

ij
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

condensate. This gives rise to the additional source terms,

S
ij
uu ⌘ �ij

uu

⇣⌘ui
L

kui
L

�

⌘uj
R

kuj
R

⌘
, (2.12a)

S
ij
dd ⌘ �ij

dd

⇣⌘diL
kdiL

�

⌘djR
kdjR

⌘
, (2.12b)

S
ij
ee ⌘ �ij

ee

⇣⌘eiL
keiL

�

⌘ejR
kejR

⌘
, (2.12c)

Shw ⌘ �hw

✓
⌘�+

k�+
�

⌘W+

kW+

◆
, (2.12d)

Sh ⌘ �h
⌘�0

k�0
. (2.12e)
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The remaining source terms are associated with the Standard Model chiral anomalies. Ther-

mal fluctuations of the non-Abelian gauge fields lead to the terms
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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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Interactions & charge conservation

7

e.g., hypercharge … no interaction can change this

Some charges are exactly conserved.  The corresponding particle asymmetries are static.  

But some charges are only approximately conserved (on short time scales). 

e.g., the Yukawa interactions change chiral charge
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Bµ

<latexit sha1_base64="7qfZb1iMnAhTgMdGxQRpycHv3Ww=">AAABgnicZY69TsMwFIWvS4FS/gKMLIgsiCGKoQIGhgoWxiKRthKpIse9tFbtJLIdqirKM7DCo/E2pJCF9kyfzrlX+uJMCmN9/5s0NpqbW9utnfbu3v7BoXN03DdprjkGPJWpHsbMoBQJBlZYicNMI1OxxEE8e1zug3fURqTJi11kOFJskog3wZmtquAhClUeOa7v+b85Wwdagwt1epEzDccpzxUmlktmzCv1MzsqmLaCSyzbYW4wY3zGJlioRU1mtbeo1bJMcM5TpVgyLkKcl0WomJ1qVVRcVmp0VWQd+lcevfE6zx23e1dLtuAUzuECKNxCF56gBwFwEPABn/BFmuSSUHL9d9og9c8J/Au5/wF0DGV3</latexit>

Bµ

(conserved) (violated)

<latexit sha1_base64="jTOt8s/k23RJXRmz7yay/q/0OTA="></latexit>

for ! : Y = +1 ! Y 2 = 0

for eL : Y = ! 1 ! Y 2 = ! 1

for øeR : Y = +2 ! Y 2 = ! 4



grav waves from chiral plasma instability Andrew Long   (Rice University)

Chiral charge erasure

8

rate comes from:  Bodeker & Schroder (2019)
see also:  Cambbell, Davidson, Ellis, & Olive (1993)

Joyce & Shaposhnikov (1997)

chiral charge evolution

The approximately conserved charges tend to be erased over time.  

The limiting factor is the right-chiral electron, since it has ye ~ 3 * 10-6.

interaction rate

chiral-erasure epoch

an exponential decay:

<latexit sha1_base64="uJi+RQZ928+bmVJXYEsKl37OVdE=">AAAByXicZY/LSsNAFIZP6q3WW9Slm2BBKtSSSL1shIILRTcV7EWcEibT0zY0k8SZibWGrHwhn0ZwpY9iWrNp+y+Gj/+cge84oedKZZrfWm5peWV1Lb9e2Njc2t7Rd/eaMogEwwYLvEC0HSrRc31sKFd52A4FUu542HKG15N56xWFdAP/UY1D7HDa992ey6hKK1u/I6onKItJt5tMHkMlBuGRHT+Vz5KSOjaOjCvjxCA3lHNqE07VQPC4Nx2R8syqrRfNijmNsQhWBkXIUrf1AekGLOLoK+ZRKZ8tM1SdmArlMg+TAokkhpQNaR9jPs5IzvcKBZ+UPo5YkEr63ZjgKD0mc005SdWseZFFaJ5WrPNK9aFarF1mknk4gEMogQUXUINbqEMDGHzCF/zAr3avvWhv2vv/ak7L/uzDTLSPP/iSf3k=</latexit>

d
dt µY,5(t) = ! ! f (t) µY,5(t)

<latexit sha1_base64="qfxRroj68JFS/r6UXdSiZqeVJu4="></latexit>

! f (t) !
!
1.3 " 10! 2"

y2
eT(t)

<latexit sha1_base64="ez8u/ixmCOGa2ueU4SnVSVol1Zo=">AAAB7HicZY9LT8JAFIVnwAfiq+rSzSgbSJC0Bh8bExIXusREHoaBZjpcYEKnbaaDSJr+C3fGrX/IlT/FnYDFRDirc757b3KuE7gi1Kb5hVPptfWNzcxWdntnd2/fODish/5Icahx3/VV02EhuMKDmhbahWaggEnHhYYzvJ3NG8+gQuF7j3oSQFuyvid6gjM9RbYhqRzZ0VPxIs7rArkhi1g0Y0KniemBkhG8BDF1RL/vtsgZFZ62I22bcUcTekJot0t0hwZKSCC0SOgdk5LZvfwCFsj8VrWJbeTMkjkXWTVWYnIoUdU2BrTr85EET3OXhWHLMgPdjpjSgrsQZ+kohIDxIetDJCeJC5e5BiVn0IMx96fdvG5EYRxHf++N43hazVousmrq5yXrslR+KOcq10nJDDpGpyiPLHSFKugeVVENcfSJvnEKp7GHX/Ebfv9dTeHk5gj9E/74Acsti3E=</latexit>

µY,5(t) = µY,5,0 exp
!
!

" t

t 0

dt ! ! f (t ! )
#



magnetic field evolution
& chiral magnetic effect



grav waves from chiral plasma instability Andrew Long   (Rice University)

Evolution of hypermagnetic fields

10

How do hypermagnetic fields evolve in the primordial plasma?  

hyper-Maxwell equations

continuity equation
<latexit sha1_base64="fUkFiAjVjT5AcZAvA3fLQzn0XQg=">AAACFHicZY/LSsNAFIYn9VbrLerSzWA3glASKepGqJWCdFXBXsQpYTI9bUMzmTCZtpSQ1/AVfInuxKUuFd/GRIPF9F99/N8Z5hzbd51AGcaXlltZXVvfyG8WtrZ3dvf0/YNWIMaSQZMJV8iOTQNwHQ+aylEudHwJlNsutO3RTeLbE5CBI7x7NfOhy+nAc/oOoyquLP2aqL6kLCQ+lcqhbvRHmICiESZyKKwHfIpJbwIME9YTCpN6zHF7hQ1s6UWjZPwEL4OZQhGlaVj6nPQEG3PwFHNpEDyahq+6YfIrcyEqkHEAPmUjOoCQz1IKsr0CyZPSgykTnFOvFxKYxutzqoaShzFnbLJzFIbE5riedbWFq2VddeGqURSfa2aPW4bWWck8L5XvysXKZXp4Hh2hY3SCTHSBKugWNVATMfSM3tAH+tSetLn2or3+jua09M0h+hft/RvBOqAI</latexit>

!
!" ! Y + ! áJ Y = 0

constitutive relation
<latexit sha1_base64="E4Hf1vPeq5Q44VvQ4mBKf/rqrMU=">AAACXXicZZBLS8NAEMc38f2qVQ8evCz2oiglEV8XQSoF8aRgfeBK2Gyn7eJuEna3EVnyLT3oye/hycRGiumcfvx/M8vshIng2njep+NOTc/Mzs0vLC4tr9RW62vrdzoeKgYdFotYPYRUg+ARdAw3Ah4SBVSGAu7Dl4vC36egNI+jW/OWwLOk/Yj3OKMmj4J6RK5SYMEjPsNE876kOZKQ98UOJu2R2cMkzQkTwyVoTFqjuOhSu4U1PUWZPcgsSXiGCRXJ4PcZOQzs4/5RHu3/TQX1htf0fgtPgl9CA5V1HdQ/SDdmQwmRYYJq/eR7iXm2VBnOBGSLZKghoeyF9sHKt5J0NTegZBFG8MpiKWnUtQRe84UlNQMlbc4VW1wls5aEEl9VXXvs2lXXGrtW1aVjl2ZZfgq/+vFJuDto+sfNw5vDxvlpeZR5tIW20Q7y0Qk6R5foGnUQQ+/o25lypp0vd8ZddmujVtcpZzbQv3I3fwBA87YH</latexit>

J Y = ! Y
!
E Y + v ! B Y

"
+ 2

! " Y µY,5 B Y

OhmÕs Law chiral magnetic 
effect (CME)

fine structure constant
<latexit sha1_base64="4bV7hL8lTd+QYgsjQp0r1ox4g04=">AAACG3icZZDLTsJAFIaneEO8VV26mcjGhYGWEHVjQjAkhhUmcjEOkulwhAmddjIdQNL0Jdz7Hm7VnXFrom8jaBNi+Vdf/u+cxTmOdHmgLevbSC0tr6yupdczG5tb2zvm7l4j8IeKQZ35rq9aDg3A5R7UNdcutKQCKhwXms7gYuabI1AB971rPZHQFrTn8XvOqJ5WHfOYUFf2aecGn+PeXUik4gJwIcJ5XCSSY0KlVP4DtvO2ZXXMrJWzfoMXwY4hi+LUOuYX6fpsKMDTzKVBcGtbUrdDqjRnLkQZMgxAUjagPQjFJKYg2WtQYlZ6MGa+ENTrhgTGUUgE1X0lwiknbHUELApD4ghcTbrK3FWSrjx35aQbzd0oiqavsJOHL0KjkLNPcsWrYrZ0Fj8ljQ7QITpCNjpFJXSJaqiOGHpEz+gFvRpPxpvxbnz8jaaMeGcf/Yvx+QOa1qIL</latexit>

! Y = g!2/ 4" ! 1/ 100
conductivity

<latexit sha1_base64="/6g+6IJGr3OAA1KB6aGt43JTUFs=">AAACFXicZZDLTsJAFIaneEO8VV26aSQxrrA1RF0SDIlhhQk3Y0kzHY7QMNNOZoYiafoG7n0Pt+rOuHWrb2PBJsTyr775vzOLc1xOPalM80fLrayurW/kNwtb2zu7e/r+QVsGY0GgRQIaiK6LJVDPh5byFIUuF4CZS6Hjjq5nvhOCkF7gN9WUQ4/hge89eASrpHL0E1t6A4adOyMBZjTPbEz5cP7GnIvg0bBM02g6etEsmfMYy2ClUERpGo7+bfcDMmbgK0KxlPeWyVUvwkJ5hEJcsMcSOCYjPICITVOS2V6BYLPShwkJGMN+P7JhEkc2w2ooWJRwxtZDIHEU2S4z6llXW7ha1lUXrpp14cKFcZycwsouvgzt85J1USrflouVq/QoeXSEjtEpstAlqqAb1EAtRNATekGv6E171t61D+3zbzSnpX8O0b9oX7+PXqCT</latexit>

! Y ! T / " Y " 100T
<latexit sha1_base64="IyMYVe/OxxFT4AZCpuCVjK1Admg=">AAACFnicZZC7TsMwFIYdrqXcAowsER1goSSoAhakqqgS6lSk3hAukeMeitU4iWw3pYryCOy8ByuwIVZGeBsaiFSR/tN3/s8eznECl0llmt/a3PzC4tJybiW/ura+salvbbekPxQUmtR3fdFxiASXedBUTLnQCQQQ7rjQdgYXiW+HICTzvYYaB9DlpO+xO0aJmlS2vo9BEfvaODesIyxZnycDJkEg/AfDLJqW0biNDq3Y1guT6TfGLFgpFFCauq1/4Z5Phxw8RV0i5Y1lBqobEaEYdSHO46GEgNAB6UPExynJbK9A8KT0YER9zonXizCM4ghzou4FjyacsbUQaBxF2OFGLeuqU1fNusrUVbIunLowTk5hZRefhdZx0Toplq5KhfJZepQc2kV76ABZ6BSV0SWqoyai6BE9oxf0qj1pb9q79vH3dE5L/+ygf9E+fwD2WaAo</latexit>

! Y = 1 / " Y ! 0.01T! 1
magnetic diffusivity

conductivity:  Arnold, Moore, & Yaffe (2000)

<latexit sha1_base64="+oCBrjV54/CkIyYM4ebAmGPaA4k=">AAACo3ichY9dSwJBFIZnty+zL6vLboakCCLZDbFuAjGEsBsLv6IRmR2Purizu8yMiiz7z/oR3fZvWnNJXYPO1cN53znvvJbv2FIZxpemb2xube+kdtN7+weHR5njk4b0RoJBnXmOJ1oWleDYLtSVrRxo+QIotxxoWsPHmd4cg5C259bU1Ic2p33X7tmMqmjVyXyS7hgYJqzrKUzKEXfe8CV+wEQMvAgJwenYomwOcsVzEy17grKA+FQomzrhL2EVYlKaW5duzGNKixPGHwlLMqnM+fqfpPJvUieTNXLGz+B1MGPIoniqncwH6XpsxMFVzKFSvpuGr9rB7DhzIEyTkQSfsiHtQ8CnMcnkXoHgs6ULE+ZxTt1uQGAS/ZJTNRA8iDihzpqFQUAsjitJrbzQykmttNBKYRjVNZPl1qFxmzMLufxLPlu8j4un0Bk6R1fIRHeoiJ5QFdUR0woa0UDr6Rf6s/6q1+ZWXYvfnKKV0dvf+LjLHg==</latexit>

! áE Y = ! Y

! ! E Y = " !
! t B Y

! áB Y = 0

! ! B Y = J Y + !
! t E Y



grav waves from chiral plasma instability Andrew Long   (Rice University)

First studied for a relativistic electron-positron plasma in QED.  

CME = in the presence of a chiral asymmetry, a magnetic field induces an electric current.  

From the symmetry perspective, the CME could be correct.

Chiral magnetic effect

11

Vilenkin (1980),  Fukushima, Kharzeev, & Warringa (2008),
Alekseev, Cheianov, & Frohlich (1998)

Boyarsky, Frohlich, & Ruchaiskiy (2011)

<latexit sha1_base64="lSqaKY1QCKlxk7l53VQ+6HI4ZlQ=">AAACUXicdZBLS8NAFIVv4qvWV9Slm8GCuCqJiIqrUilIVwpWBUfKZHLVoZkkzkxbS8j/c+9G/4RbdWdqA8WIZ3U4373ch5+EQhvXfbPsmdm5+YXKYnVpeWV1zVnfuNRxX3Hs8DiM1bXPNIYiwo4RJsTrRCGTfohXfu9kzK8GqLSIowszSvBWsvtI3AnOTB51HZ8afDKpZFqTQEiMxpX6OCM7hD72WUAmnHLJVC8jlJLqJEmYEmZEEhUnqIzA/3u6Ts2tuz8if41XmBoUOus6rzSIeT9fxvAwX+zGcxNzm7J8DA8xq9K+xoTxHrvHVI4Kp8u5QSXHYYRDHkvJoiClOMxSKpl5UDLNfYm2B8izNKW+JO0ya01Zq8yaU9Yss8GUDbIsf4VXPvyvudyrewf1/fP9WuOoeEoFtmAbdsGDQ2jAKZxBBzg8wzt8wKf1Yn3ZYNuTUtsqejbhl+ylb0PHuAc=</latexit>

mass dimensions: !

parity properties: !

<latexit sha1_base64="BXpDtf9+r106hqlul7VEj53pHtY=">AAACCHicZZDLSsNAFIZP6q3WW9SVuAl246okUi/LUilIVxWsLTglTKbHGppJwswkpYTg3vdwq+7ErU+hb2OqgWL6rz7+75zFOU7ouVKZ5rdWWlpeWV0rr1c2Nre2d/TdvVsZRIJhlwVeIPoOlei5PnaVqzzshwIpdzzsOePLme/FKKQb+DdqGuKA05Hv3ruMqqyy9QPSjpEZJBRBqAKD8Mg+NUgz62y9atbM3xiLYOVQhTwdW/8iw4BFHH3FPCrlnWWGapBQoVzmYVohkcSQsjEdYcKnOclir1DwWenjhAWcU3+YEJykCeFUPQieZFywswPSJCEON9pF15q7VtE1565ZdPHcxWmavcIqHr4Ityc166xWv65XGxf5U8pwCEdwDBacQwOuoANdYPAIz/ACr9qT9qa9ax9/oyUt39mHf9E+fwAMApwh</latexit>

J ! µ5B

<latexit sha1_base64="aXdRQJYRjLJLOamp8yKX38AdK7Y=">AAACp3icdZBtS8MwFIXT+jbn29SPghQHouBGK1M/CWMqiKBOcHNgpKTpVYtJU5q02yj9X/4U/TdurrrZ4fl07n3OgeQ6AfOkMs1PTZ+ZnZtfKCwWl5ZXVtdK6xttKaKQQosKJsKOQyQwz4eW8hSDThAC4Q6DB+ftbMgfYgilJ/x71Q/giZMX33v2KFGDlV16x1cxUGPXODWwgp5KBpMSYfo7NyvCdVMDY6OIG3+jpOcRVpkuQAz+qMFtmMhLShj5J4l5ZB9NZAMJkSsq05Wf19ilslk1v2VMGyszZZSpaZc+sCtoxMFXlBEpHy0zUE8JCZVHGaRFHEkICH0jL5DwfuZkfq8g5MOlD10qOCe+m2DopgnmRL2GPBn4HB3eN00S7HDjKs8uxuwizxpj1sizeMziNB2cwsp/fNq0D6vWcbV2VyvXD7KjFNAW2kF7yEInqI4uURO1ENW2tXPtWrvR9/Vbva13RlFdyzqb6I908gUgAM+0</latexit>

J = vector= P-odd

B = axial-vector= P-even

me = scalar= P-even

µ5 = pseudo-scalar= P-odd
<latexit sha1_base64="IxQLtP5fDslf0Qsq5UoPZO1l2yw=">AAACRHicbZA/T8JAHIav+A/xX9XRpZHFQUhrUFeCITHEAY0FEo6Q6/ETLty1zfUokqafzN3PoKOruhlXI2ATYvWdnrzPe8P9HJ+zQJnms5ZZWl5ZXcuu5zY2t7Z39N29RuCNJAWbetyTLYcEwJkLtmKKQ8uXQITDoekML2a+GYIMmOfeqokPHUH6LrtjlKhp1dVtLEbdUwP70vOVZ2CH9XnbwHkDG1jBvYpuCnTAJOHx3MmOUfhndJUadfW8WTTnMf6ClUAeJal39Sfc8+hIgKsoJ0HQtkxfdSIiFaMc4hweBeATOiR9iMQkoSDdK5BiVrowpp4QxO1FGMZxhAVRAymiKadsLQQaRxF2hFFLu+rCVdOusnCVtAsXLozj6Sms9Mf/QuOkaJ0VS9elfPk4OUoWHaBDdIQsdI7K6BLVkY0oekAv6BW9aY/au/ahff5MM1ryZh/9ivb1DR4isyQ=</latexit>

µ5 !
!
# R-chiral

"
"

!
# L-chiral

"



grav waves from chiral plasma instability Andrew Long   (Rice University)

Semiclassical understanding

12

Consider, applying a B-field to a collection of (relativistic) electrons & positrons.

The magnetic dipole moment µ ~ qS wants to align with B … the Hamiltonian is: 

without chiral asymmetry

Tashiro, Vachaspati, & Vilenkin (2012)

<latexit sha1_base64="Q34CziLyRwsADB3aV+kYYNp9Izw=">AAACBXicZZDLSsNAFIZP6q3WW1Rw46bYLlyVRIq6LJWCdFXBXsApZTI91tCZJGSmqWXM2vdwq+7Era+hb2OqgWL8Vx//N8OcOU7AXaks68vILS2vrK7l1wsbm1vbO+buXkf6k5Bhm/ncD3sOlchdD9vKVRx7QYhUOBy7zvhi7rsRhtL1vWs1C7Av6Mhzb11GVVINzAOi8F5pGiSP4bBYJvUIWTkemCWrYv2k+B/sFEqQpjUwP8nQZxOBnmKcSnljW4Hqaxoql3GMC2QiMaBsTEeoxSwlme0VhmJeejhlvhDUG2qC01gTQdVdKHTCGdtMxo21Jo4oNrOusXCNrKsvXD3rooWL4vkq7OzH/0PnpGKfVqpX1VLtPF1KHg7hCI7BhjOowSW0oA0MHuAJnuHFeDRejTfj/fdozkjv7MOfGB/fcvybTQ==</latexit>

appliedB <latexit sha1_base64="gOx3bkFgjI2PJcN83yNDrbkI7x0=">AAACBXicZZDLSsNAFIZP6q3WW1Rw46bYLlyVRIq6LJWCdFXBXsCUMpkc69BMEjKT1DJm7Xu4VXfi1tfQt7HRQDH+q4//mwNnjh24TEjD+NIKS8srq2vF9dLG5tb2jr671xN+FFLsUt/1w4FNBLrMw65k0sVBECLhtot9e3KR+n6MoWC+dy1nAQ45GXvsllEi59VIP7Ak3kvFPCei6JSrVjtGWk1GesWoGT8p/wczgwpk6Yz0T8vxacTRk9QlQtyYRiCHioSSUReTkhUJDAidkDEqPstI5HuJIU9LD6fU55x4jrJwmiiLE3kXcjXnnE3XTZSybF5u511r4Vp511y4Zt7FCxcn6SnM/Mf/Q++kZp7W6lf1SuM8O0oRDuEIjsGEM2jAJXSgCxQe4Ame4UV71F61N+3992lBy2b24U+0j296wJtS</latexit>

inducedJ

<latexit sha1_base64="KnldWbKLWENpgaJ0xIRG3z/p8WQ=">AAACCnicZZDLSsNAFIZP6q3WW9RlN8Fu3FgSKepGKJVC6aqCaQtOKZPpsYZmkpCZpJSQhXvfw626E7c+hL6NaQ0U03/18X9nYM6xfMcWUtd/lMLa+sbmVnG7tLO7t3+gHh51hRcGDE3mOV7Qt6hAx3bRlLZ0sO8HSLnlYM+a3Mx9L8JA2J57J2c+Djgdu/aDzahMq6FabmnX2pkWE4trhIeJRtjIkxppRMiGakWv6otoq2BkUIEsnaH6TUYeCzm6kjlUiHtD9+UgpoG0mYNJiYQCfcomdIwxn2Uk8r3EgM9LF6fM45y6o5jgNIkJp/Ix4HHKOdtOP5vEix3aeddcumbeNZaukXfR0kVJkp7CyC++Ct3zqnFRrd3WKvWr7ChFKMMJnIIBl1CHFnTABAZP8AKv8KY8K+/Kh/L5N1pQsjfH8C/K1y/yO5v4</latexit>

H = ! µ áB

<latexit sha1_base64="ZmcgDYeIaTKwxIbpJJp+/g942ts="></latexit>

S áp
<latexit sha1_base64="troHr8X2f9ylt07LKb2Js0IrSM8="></latexit>p



grav waves from chiral plasma instability Andrew Long   (Rice University)13

Consider, applying a B-field to a collection of relativistic electrons & positrons.

The magnetic dipole moment µ ~ qS wants to align with B … the Hamiltonian is: 

without chiral asymmetry

Tashiro, Vachaspati, & Vilenkin (2012)

<latexit sha1_base64="Q34CziLyRwsADB3aV+kYYNp9Izw=">AAACBXicZZDLSsNAFIZP6q3WW1Rw46bYLlyVRIq6LJWCdFXBXsApZTI91tCZJGSmqWXM2vdwq+7Era+hb2OqgWL8Vx//N8OcOU7AXaks68vILS2vrK7l1wsbm1vbO+buXkf6k5Bhm/ncD3sOlchdD9vKVRx7QYhUOBy7zvhi7rsRhtL1vWs1C7Av6Mhzb11GVVINzAOi8F5pGiSP4bBYJvUIWTkemCWrYv2k+B/sFEqQpjUwP8nQZxOBnmKcSnljW4Hqaxoql3GMC2QiMaBsTEeoxSwlme0VhmJeejhlvhDUG2qC01gTQdVdKHTCGdtMxo21Jo4oNrOusXCNrKsvXD3rooWL4vkq7OzH/0PnpGKfVqpX1VLtPF1KHg7hCI7BhjOowSW0oA0MHuAJnuHFeDRejTfj/fdozkjv7MOfGB/fcvybTQ==</latexit>

appliedB <latexit sha1_base64="gOx3bkFgjI2PJcN83yNDrbkI7x0=">AAACBXicZZDLSsNAFIZP6q3WW1Rw46bYLlyVRIq6LJWCdFXBXsCUMpkc69BMEjKT1DJm7Xu4VXfi1tfQt7HRQDH+q4//mwNnjh24TEjD+NIKS8srq2vF9dLG5tb2jr671xN+FFLsUt/1w4FNBLrMw65k0sVBECLhtot9e3KR+n6MoWC+dy1nAQ45GXvsllEi59VIP7Ak3kvFPCei6JSrVjtGWk1GesWoGT8p/wczgwpk6Yz0T8vxacTRk9QlQtyYRiCHioSSUReTkhUJDAidkDEqPstI5HuJIU9LD6fU55x4jrJwmiiLE3kXcjXnnE3XTZSybF5u511r4Vp511y4Zt7FCxcn6SnM/Mf/Q++kZp7W6lf1SuM8O0oRDuEIjsGEM2jAJXSgCxQe4Ame4UV71F61N+3992lBy2b24U+0j296wJtS</latexit>

inducedJ

with chiral asymmetry
<latexit sha1_base64="Q34CziLyRwsADB3aV+kYYNp9Izw=">AAACBXicZZDLSsNAFIZP6q3WW1Rw46bYLlyVRIq6LJWCdFXBXsApZTI91tCZJGSmqWXM2vdwq+7Era+hb2OqgWL8Vx//N8OcOU7AXaks68vILS2vrK7l1wsbm1vbO+buXkf6k5Bhm/ncD3sOlchdD9vKVRx7QYhUOBy7zvhi7rsRhtL1vWs1C7Av6Mhzb11GVVINzAOi8F5pGiSP4bBYJvUIWTkemCWrYv2k+B/sFEqQpjUwP8nQZxOBnmKcSnljW4Hqaxoql3GMC2QiMaBsTEeoxSwlme0VhmJeejhlvhDUG2qC01gTQdVdKHTCGdtMxo21Jo4oNrOusXCNrKsvXD3rooWL4vkq7OzH/0PnpGKfVqpX1VLtPF1KHg7hCI7BhjOowSW0oA0MHuAJnuHFeDRejTfj/fdozkjv7MOfGB/fcvybTQ==</latexit>

appliedB <latexit sha1_base64="gOx3bkFgjI2PJcN83yNDrbkI7x0=">AAACBXicZZDLSsNAFIZP6q3WW1Rw46bYLlyVRIq6LJWCdFXBXsCUMpkc69BMEjKT1DJm7Xu4VXfi1tfQt7HRQDH+q4//mwNnjh24TEjD+NIKS8srq2vF9dLG5tb2jr671xN+FFLsUt/1w4FNBLrMw65k0sVBECLhtot9e3KR+n6MoWC+dy1nAQ45GXvsllEi59VIP7Ak3kvFPCei6JSrVjtGWk1GesWoGT8p/wczgwpk6Yz0T8vxacTRk9QlQtyYRiCHioSSUReTkhUJDAidkDEqPstI5HuJIU9LD6fU55x4jrJwmiiLE3kXcjXnnE3XTZSybF5u511r4Vp511y4Zt7FCxcn6SnM/Mf/Q++kZp7W6lf1SuM8O0oRDuEIjsGEM2jAJXSgCxQe4Ame4UV71F61N+3992lBy2b24U+0j296wJtS</latexit>

inducedJ

!"#$%
&'()*&)+

,$--%
&'()*&)+

!"#$%
&'()*&)+

,$--%
&'()*&)+

<latexit sha1_base64="KnldWbKLWENpgaJ0xIRG3z/p8WQ=">AAACCnicZZDLSsNAFIZP6q3WW9RlN8Fu3FgSKepGKJVC6aqCaQtOKZPpsYZmkpCZpJSQhXvfw626E7c+hL6NaQ0U03/18X9nYM6xfMcWUtd/lMLa+sbmVnG7tLO7t3+gHh51hRcGDE3mOV7Qt6hAx3bRlLZ0sO8HSLnlYM+a3Mx9L8JA2J57J2c+Djgdu/aDzahMq6FabmnX2pkWE4trhIeJRtjIkxppRMiGakWv6otoq2BkUIEsnaH6TUYeCzm6kjlUiHtD9+UgpoG0mYNJiYQCfcomdIwxn2Uk8r3EgM9LF6fM45y6o5jgNIkJp/Ix4HHKOdtOP5vEix3aeddcumbeNZaukXfR0kVJkp7CyC++Ct3zqnFRrd3WKvWr7ChFKMMJnIIBl1CHFnTABAZP8AKv8KY8K+/Kh/L5N1pQsjfH8C/K1y/yO5v4</latexit>

H = ! µ áB

<latexit sha1_base64="ZmcgDYeIaTKwxIbpJJp+/g942ts="></latexit>

S áp
<latexit sha1_base64="troHr8X2f9ylt07LKb2Js0IrSM8="></latexit>p

<latexit sha1_base64="7wBL3OcU0f/TqvYX8UC29se4Awo=">AAACHnicZZDLTsJAFIaneEO8VV26aWTjCluCl7giGBLDChO5JA6S6XDECZ1O7UyLpOljuPc93Ko74xbfxqJNiOVfffm/M5mcY3sOk8o0v7Xc0vLK6lp+vbCxubW9o+/utaUIfAotKhzhd20iwWEutBRTDnQ9Hwi3HejYo8uZ74TgSybcGzXxoMfJ0GX3jBKVVH39GCt4UhHjyWcgL2IDG7gRAjWw5wtPCePxrmxgHvRPDFxL+r5eNEvmb4xFsFIoojTNvj7FA0EDDq6iDpHy1jI91YuIrxh1IC7gQIJH6IgMIeKTlGS2V+DzWenCmArOiTuIMIzjCHOiHnweJZyxsyXiKMI2NxpZV5+7etbV5q6WdeHchXGcnMLKLr4I7XLJOi1VrivF6nl6lDw6QIfoCFnoDFXRFWqiFqLoGb2iN/SuvWgf2qf29Tea09I3++hftOkPwSWlAA==</latexit>

implies:J ! q2µ5B

Semiclassical understanding
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CME = in the presence of a chiral asymmetry, a magnetic field induces an electric current.  

CME recap

14

<latexit sha1_base64="qwNqEQAGfcAbffp+1gtbokeFPJI=">AAACGXicZZDLSsNAFIYn9VbrLerSTbAbcVGSUi8boVQK0lUFewGnhMl02g6dScLMJKUMeQf3vodbdSdu3ejb2GigGP/Vx/+dgTnHCxmVyra/jMLK6tr6RnGztLW9s7tn7h90ZRAJTDo4YIHoe0gSRn3SUVQx0g8FQdxjpOdNr1Pfi4mQNPDv1DwkA47GPh1RjNSics1T2IoJtq4sqEYCYV1NNAxpYkHEwgmyII/cMws20hnXLNsV+yfWf3AyKIMsbdf8hMMAR5z4CjMk5b1jh2qgkVAUM5KUYCRJiPAUjYnm84xkvldE8LT0yQwHnCN/qCGZLb7JkZoIrhecs+lGidbQ41Yr75pL18y7xtI18i5eujhJFqdw8ov/h2614pxXare1cv0yO0oRHIFjcAIccAHq4Aa0QQdg8ACewDN4MR6NV+PNeP8dLRjZm0PwJ8bHNyhToo0=</latexit>

J = 2
! ! µ5Bfor electromagnetism:  

for hypercharge:  <latexit sha1_base64="hzNm6kUSfun5qWRvelhPQ2w2F04=">AAACI3icZZDLSsNAFIYn9VbrLerSTbAbF1KSUi8boVQK0lUFe8MpYTKdtqEzSZiZpJQhL+Le93Cr7sSFLnwXUxsopv/q4//OwJzjBNQV0jS/tdza+sbmVn67sLO7t3+gHx61hR9yTFrYpz7vOkgQ6nqkJV1JSTfgBDGHko4zuZ37TkS4cH3vQc4C0mdo5LlDFyOZVLZegY2IYLtn3BhQDjnCqhwrGLixARENxigxkIW26p1fJFVtMWvrRbNk/sVYBSuFIkjTtPUvOPBxyIgnMUVCPFpmIPsKceliSuICDAUJEJ6gEVFslpLI9pJwNi89MsU+Y8gbKEimyXcZkmPOVMIZO98tVgo6zGhkXX3p6llXW7pa1kVLF8Vxcgoru/gqtMsl67JUua8Uq9fpUfLgBJyCM2CBK1AFd6AJWgCDJ/ACXsGb9qy9ax/a52I0p6VvjsG/aD+/4xymlg==</latexit>

J Y = 2
! ! Y µY,5B Y

<latexit sha1_base64="kJLm4hZzKXNXWKA7GAsmjpOv3MM=">AAABu3icZY67TgJBFIbP4g3xtmppM5HGBrJriFpIQmJjYYFGLolLyOxwgJGZ3cnMLEg2vIxPY6udb+Oi2wh/9c1/zpx8oRLcWM/7dgobm1vbO8Xd0t7+weGRe3zSNnGiGbZYLGLdDalBwSNsWW4FdpVGKkOBnXByt5x3pqgNj6NnO1fYk3QU8SFn1GZV370NplSjMlxkL07qJFCS+CQggcU3mw5jTZ4qhEYD8lBhY66pIIpqy5lAs+i7Za/q/Yasg59DGfI0++44GMQskRhZJqgxL76nbC/NDy5KQWJQUTahI0zlPCez2lvUcllGOGOxlJlcGuBskQaS2rGWacZLNX9VZB3al1X/qlp7rJUbN7lkEc7gHC7Ah2towD00oQUM3uEDPuHLqTvMeXXE32rByf+cwr84yQ+d+Xs+</latexit>

! i = ± 1 for R- and L-chiral particles
<latexit sha1_base64="N3Yzx37l6pSW7TsGbajaGziprnM=">AAABr3icZY7NTgIxFIXv4B/i36hLN42wcEVmDFE3JiRuXGIignFw7JQL09BOm7aIZMJr+DRu9R18G0FnI5zVl3POvTmJFty6IPj2SmvrG5tb5e3Kzu7e/oF/ePRg1dgwbDMllOkm1KLgGbYddwK72iCVicBOMrpZ5J1XNJar7N5NNfYkHWZ8wBl1cyv2g8eYk2sSOXxzeTovGJZSM0SiBkRT4zgTSKxGxtGSGq/NYr8a1INfkVUIC6hCoVbsp1FfsbHEzDFBrX0KA+16efF7VonGFjVlIzrEXE4Lssu+QyMXZoYTpqSkWT+PcDLLI0ldamQ+58W0cHnIKjyc18OLeuOuUW1eFSPLcAKncAYhXEITbqEFbWDwDh/wCV9e6HW8Z+/lr1ryiptj+CeP/wDymHcG</latexit>

Yi = hypercharge of particle speciesi

<latexit sha1_base64="fM8bHxm6gGx0NtXnUpOWpFon1/Y=">AAABxnicZY7LSsNAFIZP6q2tt6hLN8FuKkhJSr1shIILu6xgb5gaptNjO3QmCTOT1hICvpBP40rQdzHRbGz/1cd/5mP+UciZ0rb9aRQ2Nre2d4ql8u7e/sGheXTcVUEkKXZowAPZHxGFnPnY0Uxz7IcSiRhx7I1md9m9N0epWOA/6mWIQ0EmPnthlOi08sz7kisiLx5cXCZVfW7dWq6KhOdqfNVxSKRmlKNKrInHLHdOJIaK8dRj1sBjz3Urk1kmembFrtm/sdbByaECedqeOXXHAY0E+ppyotSTY4d6GOdfJmU3UhgSOiMTjMUyJ7Xaa5QiK31c0EAI4o9jFxdJ7Aqip1LEKSfpNGd1yDp06zXnqtZ4aFSaN/nIIpzCGVTBgWtoQgva0AEK7/ABX/BttAzfiIzF39OCkTsn8C/G2w+PEH+Z</latexit>

µY,5(t) =
!

particles

gi ! i Y 2
i µi (t)



magnetogenesis
via chiral plasma instability
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Linearized field equations

16

Combining the hyper-Maxwell equations (and neglecting velocity v)

Move to Fourier space (and assume homogenous µY5).

Circular polarization modes decouple

where

Depending on the sign of µY5, one mode or the other can be unstable.

<latexit sha1_base64="d1anXLsY3pHIdQA3esCdD9Zowxk=">AAACXnicZZDLSsNAFIan8V6ttroR3QS7cVFKUrxtBFEE7aqCrRanhMn02A7JJCEzTS1jXsKncatv4c5HcaqBYnoWw8f/nYHD70Y+E9KyvgrGwuLS8srqWnF9o7S5Va5sd0Q4iim0aeiH8aNLBPgsgLZk0ofHKAbCXR8eXO9q6h8SiAULg3s5iaDHySBgz4wSqSOnXPMcfNW6Nc9NLJ9jQlUjVThiqYmJHw2J0zVfMR85qls7Tl+dctWqW79jzoOdQRVl03IqhT3cD+mIQyCpT4R4sq1I9hSJJaM+pEU8EhAR6pEBKD7JSORzCTGfhgGMacg5CfoKw1gfyokcxlxpztlmAjRVCrvcbObd9cxd593lzF3mXTJzSd55QyL1PfrVPN3LeV2x1hJetBfUpLrhVLdp57ubh06jbp/Uj+6OqhdnWa+raB8doENko1N0gW5QC7URRW/oHX2gz8K3sWyUjK2/VaOQ/dlB/8bY/QEPdbre</latexit>

kCPI = 2
! ! Y |µY,5|

similar equations of motion to axion inflation

<latexit sha1_base64="b5oTMDd9YW0PKy1A8Tv88Exu19I=">AAACXnicZZBLS8NAFIUnUeuzWnUjuBksiAstSfG1EaQiiCsF2yqOhsn0qoMzSchMIjLkZwq683+4cVqDxXhWh/PdA/feMBFcac/7cNyJyana9Mzs3PxCfXGpsbzSU3GWMuiyWMTpdUgVCB5BV3Mt4DpJgcpQQD98Phnyfg6p4nF0pV8TuJP0MeIPnFFto6ARz3p4Ex9hMoi1IZ0cWBHc4B1MQFNrSERDQe/beIR+iH5IKTPtwpCEF5hQkTyNRsuGzAJzs71nycBW7DiXoH77QaPptbyR8H/jl6aJSl0EjXe7GsskRJoJqtSt7yX6ztBUcyagmCOZgoSyZ/oIRr6WTlVzDakchhG8sFhKGg0MgRd7gqT6KZXG+go9H77CGBJKfF5lp2N2WmWdMetUWT5meVHYV/jVw/+bXrvl77d2L3ebx4flU2bQOtpAW8hHB+gYnaEL1EUMvaEvZ9KZcj7dmlt3l35GXafsrKI/cte+ATWhtgw=</latexit>

0 = úB Y ! ! Y " 2B Y ! 2
! " Y ! Y µY,5! # B Y

<latexit sha1_base64="9cqs27Sv4y7D/DBvPNTE1d7I73M="></latexit>

0 = úB (R )
Y,k + ! Y

!
k2 ! sgn(µY,5) kCPIk

"
B (R )

Y,k

0 = úB (L )
Y,k + ! Y

!
k2 + sgn(µY,5) kCPIk

"
B (L )

Y,k
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Chiral plasma instability

17

Explore the dependence on wavenumber

CPI = tachyonic growth of a helical magnetic field due to the CME

<latexit sha1_base64="4LAEugJrF13WevU1ABCe2BGYlps=">AAACNnicZZDLTsJAFIZP8YZ4A93phsjGhSGtIbolEBJlhYlcEkvIdDjC2E7bdAaQNH0Ht/okvoobd8atj+CgTYjDWUy+/N+Z5OR3Qo8JaZrvRmZtfWNzK7ud29nd2z/IFw47IphEFNs08IKo5xCBHvOxLZn0sBdGSLjjYddx6wvfnWIkWODfyXmIfU5GPntglEgVddyBXW/dDPIls2z+TnEVrBRKkE5rUDCO7WFAJxx9ST0ixL1lhrIfk0gy6mGSsycCQ0JdMsKYz1MSei4x4ovQxxkNOCf+MLZxlsQ2J3Ic8VixZptTpEkc2w4vNnXXWLqG7mpLV9PddOmmunPHRKp71Kt4sad5VZ7SEp+UF7RIQ5Ykqk1L724VOhdl67Jcua2Uqudpr1k4gVM4AwuuoArX0II2UHiEZ3iBV+PN+DA+ja+/1YyR/jmCf2N8/wAf3K9A</latexit>

kCPI

! modes with k > kCPI are decaying (Ohmic dissipation)
! modes with k < kCPI have a tachyonic instability
! modes with k = kCPI /2 grow fastest

! typically kCPI is deep inside the horizon

<latexit sha1_base64="VYSph3ZbN7DeFv0Nou9hUu2o++o="></latexit>

0 = úB (R )
Y,k + ! Y

!
k2 ! kCPIk

"
B (R )

Y,k

<latexit sha1_base64="wUgdKLD7FRfU7f6XgNJ2imqnTZE=">AAACPXicZZDLTsJAFIaneEO8ge5008jGhWJLiG4JhERZYSKXxCKZDkeYtNPWzlAkTZ/DrT6Jz+EDuDNu3TpoE+JwFpMv/3cmOfntwKVcGMa7lllZXVvfyG7mtrZ3dvfyhf0O9ychgTbxXT/s2ZiDSz1oCypc6AUhYGa70LWd+tx3Iwg59b1bMQugz/DIow+UYCGj/pkzsOqt6/uyfq5XBvmiUTJ+R18GM4UiSqc1KGiH1tAnEwaeIC7m/M40AtGPcSgocSHJWRMOASYOHkHMZilxNRcQsnnowZT4jGFvGFswTWKLYTEOWSxZsc0ISBLHls30puoaC9dQXW3haqqLFi5SnTPGQt4jX8nzPcXLCqUW8CQ9JzoJaJLINk21u2XolEvmRalyUylWT9Nes+gIHaMTZKJLVEVXqIXaiKBH9Ixe0Kv2pn1on9rX32pGS/8coH+jff8AsDiw5g==</latexit>

! k2
CPI/ 4

<latexit sha1_base64="mx/6mGqXStlW5BeDKw0rjJZ9d2E=">AAACOnicZZDLTsJAFIZn8IZ4A93pppGNC4MtIbolEBJlhYlcoiVkOhxh0k7bdAaQNH0Lt/okvohbd8atD+CgTYjDWUy+/N+Z5OR3Qo8JaZrvOLO2vrG5ld3O7ezu7R/kC4cdEUwiCm0aeEHUc4gAj/nQlkx60AsjINzxoOu49YXvTiESLPDv5DyEPicjnz0ySqSK7t2BXW/dGBdGeZAvmiXzd4xVsFIoonRagwI+tocBnXDwJfWIEA+WGcp+TCLJqAdJzp4ICAl1yQhiPk9J6LmEiC9CH2Y04Jz4w9iGWRLbnMhxxGPFmm1OgSZxbDvcaOqusXQN3dWWrqa76dJNdeeOiVT3qFfxYk/zqkClJTwpL6hBQ5Ykqk1L724VOuWSdVmq3FaK1fO01yw6QafoDFnoClXRNWqhNqLIR8/oBb3iN/yBP/HX32oGp3+O0L/B3z/fprAJ</latexit>

kCPI/ 2

<latexit sha1_base64="c8h4EUkVNfdRbCsS6ZqALxGyYJ8=">AAAB8nicZY+9SgNBFIVn/Y3/UUubwTQRJOxKUMugjXaJGH9w4jIZr3HIzu4wc2OUYV7AR7ATW3ufxcJWX8NEF8F4qo9z7oVz2jqRFsPwLRgbn5icmi7MzM7NLywuFZdXTmzWMwKaIksyc9bmFhKZQhMlJnCmDXDVTuC03d0f5qe3YKzM0mO819BSvJPKayk4Dqy42NiL3flm11+68tGGL+MGZdpkGjPKFMcboxzcac/2ZCe5oAyvDRcu8q7qKQPk8Tntxmy/fni5RZEOr0wrLpbCSvgt+h+iHEokVz0uPrCrTPQUpCgSbu1FFGpsOW5QigT8LOtZ0Fx0eQecus/JjvoIRg3NFPoiU4qnV45B37vfGX0/kg5qD2KEO3TMCiq09H5QPhqt+h9OtirRdqXaqJZqu/mMAlkj66RMIrJDauSA1EmTCPJK3skH+QwweAyeguef07Eg/1klfxS8fAHn8pHD</latexit>

B (R )
Y,k (t) ! exp

!
1
4 ! Y k2

CPIt
"
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Helicity saturation

18

Since either the R- or L-polarized modes grow, the resultant magnetic field is helical.  

<latexit sha1_base64="d4CKFsshF6BnUSfxMmE1RXxkWtw="></latexit>

Y ÷Y = ! 4E Y áB Y = 4 !
! t (A Y áB Y ) + á á á

using

<latexit sha1_base64="yOS10VYT4NFDKCB8dQXdlmE+Kko="></latexit>

! µ j µ
Y,5 ! " g! 2

16! 2 Yµ" ÷Y µ" # #
#t nY,5 ! " 1

! " Y
#
#t H M

As the helicity grows, the chiral asymmetry is depleted:  

The exponential growth must saturate when the initial asymmetry is `used up’

<latexit sha1_base64="taCyjbFYbzN95HJSV+Zpvu1IkWU="></latexit>

! M, CPI ! 2" / (kCPI/ 2)
<latexit sha1_base64="Bbu6FqrCYzmY9vj5JT/0hCoJ8Oo="></latexit>

B CPI !
!

H M, CPI/ ! M, CPI

helicity density:

coherence length:

field strength:

<latexit sha1_base64="T7Ewg83I8XWiIBums6iBTmfLX6w="></latexit>

H M, CPI ! !
6

1
" Y

|µY,5|T2
CPI

<latexit sha1_base64="TLYbYaVb8dBbhmwL6W02eH0q0r4="></latexit>

nY,5 = 1
6 µY,5T2

(We will validate these estimates using MHD simulations.)
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Magnetogenesis

19

Typical scales

If µY5/T >~ 10-3 then the CPI develops before chiral charge erasure.

<latexit sha1_base64="bCwHdYHV8NuX4k8nt7vYx/GmcGk="></latexit>

aCPI !
!
1.1 " 10! 18a0

"#
g!

106.75

$1/ 6 #
! Y

0.01T " 1

$! 1#
|µ Y, 5 |/T

10" 3

$! 2

Tphys ,CPI !
!
7.2 " 104 GeV

"#
g!

106.75

$! 1/ 2 #
! Y

0.01T " 1

$#
|µ Y, 5 |/T

10" 3

$2

dH, CPI !
!
2.5 " 1012 cma! 1

0

"#
g!

106.75

$1/ 3 #
! Y

0.01T " 1

$! 1#
|µ Y, 5 |/T

10" 3

$! 2

! M, CPI !
!
5.0 " 105 cma! 1

0

"#
g!

106.75

$1/ 3 #
|µ Y, 5 |/T

10" 3

$! 1

B CPI !
!
5.0 " 10! 11 G a2

0

"#
g!

106.75

$! 2/ 3 #
|µ Y, 5 |/T

10" 3

$

! B, CPI !
!
3.8 " 10! 10"#

g!
106.75

$! 1#
|µ Y, 5 |/T

10" 3

$2
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Inverse cascade

20

A maximally-helical field co-evolves with the plasma subject to the turbulent inverse-cascade:
<latexit sha1_base64="pC0HElsrkV9qcAlUMtjp7BlEAZY="></latexit>

B0 = B CPI

!
t rec

tCPI

" ! 1/ 3

and ! B, 0 = ! B, CPI

!
t rec

tCPI

" 2/ 3

so H B, 0 = H B, CPI

The field today is expected to be
<latexit sha1_base64="z5GfngMLDdR+MsJdgLHI2++iJj8="></latexit>

! M, phys ,0 !
!
9.5 " 10! 4 pc

"#
g!

106.75

$1/ 9 #
! Y

0.01T " 1

$2/ 3 #
|µ Y, 5 |/T

10" 3

$1/ 3

Bphys ,0 !
!
6.6 " 10! 16 G

"#
g!

106.75

$! 5/ 9 #
! Y

0.01T " 1

$! 1/ 3 #
|µ Y, 5 |/T

10" 3

$1/ 3
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IGMF parameter space
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The relic of the 
primordial magnetic field 

is an intergalactic 
magnetic field today
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Einstein’s equation

23

The primordial magnetic field sources gravitational wave radiation
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for details:  Roper Pol, Brandenburg, Kahniashvili, Kosowsky, & Mandal (2018)
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GW estimates
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At the time of production

there’s a 2 because the source 
is quadratic in the field

Frequency and cosmological energy fraction of stochastic GW today:

The GW signal is high-frequency and very low amplitude (even for µY5/T = 1)
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Searches for high-freq grav waves
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review on high-freq grav wave:  Aggarwal et al (2021)

detector concept will be more or less suitable for these different types of signals,
which is not accounted for in this illustration. Further restriction may apply. For
example, the quoted sensitivity for the radio telescopes ARCADE and EDGES
assumes a cosmological distance between source and observer. Regarding the
possible signals, we have aimed to make realistic estimates of the largest possible

Fig. 1 Examples of coherent sources of GWs, see text for details. Details about the various detector
concepts are given in Sect.4.1.2for the 0.75-m interferometer and the holometer experiment, Sect.4.2.1
for the optically levitated sensors, Sect.4.2.2for IAXO Single Photon Detector (SPD), IAXO Heterodyne
radio receiver (HET), OSQAR, CAST, ALPS II, JURA, EDGES and ARCADE, Sect.4.2.5 for the
enhanced magnetic conversion (EMC), Sect.4.2.6 for the Bulk Acoustic Wave Devices (BAW) and
Sect.4.2.9the graviton-magnon resonance effect

Fig. 2 Examples of stochastic sources of GWs, see text for details and the caption of Fig.1 for the
reference to the various detector concept sections

123
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MHD equations + CME

27

Fully nonlinear system of equations

4

MeerKAT Pulsar Timing Array (MPTA) [44] are sensi-
tive to a stochastic gravitational wave background at the
level of ! GW h2

0 ! 10! 10. Various strategies for probing
higher-frequency gravitational waves, even up to the GHz
band, have been explored in recent years; see Ref. [45] for
a review of these activities. Nevertheless, a detection of
gravitational wave radiation at the level expected here,
even for |÷µY,5|/T " 1, seems far out of reach.

g. Baryon number overproduction. The pres-
ence of a helical hypermagnetic Þeld in the early uni-
verse is expected to give rise to a baryon asymmetry
[27, 28, 46]. This is because time-varying hypermagnetic
helicity sources baryon and lepton number through the
electroweak anomaly [47]. SpeciÞcally, the conversion of
a hypermagnetic Þeld into an electromagnetic Þeld at the
electroweak epoch atTphys " 100 GeV sources baryon
number after the electroweak sphaleron has gone out of
equilibrium, leading to a boost in the baryon asymmetry
[28].

The baryon number can easily be over-produced if the
magnetic Þeld strength is too large. Avoidance of this
baryon-number overproduction imposes an upper bound
of |÷µY,5|/T <! 10! 2 [48]. This bound is somewhat uncer-
tain as the baryon production calculation depends on a
detailed modeling of magnetic Þeld evolution at the Stan-
dard Model electroweak crossover [28], which is not well
understood.

III. NUMERICAL SIMULATIONS

In order to validate the preceding estimates, we have
performed three-dimensional numerical simulations us-
ing the Pencil Code [49]. These simulations allow us
to study the growth and evolution of the magnetic Þeld
during the chiral plasma instability and to evaluate the
spectrum of the resulting gravitational wave radiation.

We model the Standard Model matter and radiation
as a single component plasma of charged particles inter-
acting with the hypermagnetic Þeld. Several properties
of the plasma are relevant to the evolution: the magnetic
di" usivity (for simplicity here and below we suppress the
subscript ÒYÓ) ! (t) = 1 / " (t), the kinematic viscosity
#(t), the chiral di " usion coe# cient D5(t), the chiral de-
pletion parameter $(t), and the chiral chemical potential
µ50 # µ5(x , 0) = 2 %÷µ5/ & that enters as an initial condi-
tion. One can calculate" , ! , #, and D5 from Þrst princi-
ples using Standard Model particle physics. The hyper-
charge conductivity is predicted to be " ! T/ %" 100T
[50] implying ! " 0.01T ! 1, and we assume for simplicity
! = # = D5. The chiral depletion parameter $ arises
from the Standard Model chiral anomalies, and past
studies have obtained the prediction$ = 192 %2/T 2 $
0.02T ! 2 [25, 51]. The initial chiral chemical potential
can be written as µ50 " (6 % 10! 6 T)(÷µ5/T/ 10! 3) by
Þducializing to ÷µ5/T = 10! 3.

Given the limited dynamic range of numerical simula-
tions, it is not possible to set the parameters,! , #, D5,

$, and µ50, equal to the Standard Model predictions.
Instead we consider sets of simulations with di" erent pa-
rameters. They can be distinguished by the relative or-
dering of the characteristic quantities v! = µ50/ (Ecr $)1/ 2

and vµ = µ50! . We consider runs in regimes I (where
v! > v µ ) and II (where v! < v µ ).

The simulations solve a coupled system of partial dif-
ferential equations that account for MHD and the CME
[25] to determine the evolution of the magnetic Þeld
B (x , t), the energy density of the plasma ' (x , t), the
plasma velocity u (x , t), and the chiral chemical poten-
tial µ5(x , t). In the following, we solve the following set
of equations [51]

( A
( t

= u %B + ! (µ5B & J ), (5)

( µ5

( t
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Dt

=
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'
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1
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u
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4
3
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+
1
'

!
u á(J %B ) + ! J 2"

, (8)

where Sij = ( ( j ui + ( i uj )/ 2& ) ij ! áu / 3 are the compo-
nents of the rate-of-strain tensor. We solve Eqs (5)Ð(8)
using the Pencil Code [52], which is a massively par-
allel MHD code using sixth-order Þnite di" erences and a
third-order time stepping scheme.

For discussion of the simulation results, we employ
Òcode units.Ó Times are measured in units oft" = 1 /H " ,
lengths in units of l" = c/H " , and energies in units of
E" = Ecr," l 3

" . Setting øh = c = kB = 1 we deÞne
H" by the relation H" =

#
(8&G/ 3)(&2/ 30)(g" T 4

" /a 2
" )

where g" = 100, Tphys ," = T" /a " = 100 TeV, and
T" = ( g" S,0/g " S," )1/ 3T0 $ 8 %10! 5 eV. If the CPI devel-
ops at a physical plasma temperature of 100 TeV then the
age of the universe is! 1/H " and Hubble-scale Fourier
modes havek ! H" . The linearized gravitational wave
equations are solved in wave number space [33],

( 2

( t2
÷h+ / # (k , t) + k2÷h+ / # (k , t) =

6H"

t Ecr

÷T+ / # (k , t), (9)

where ÷h+ / # = e+ / #
ij (Pil Pjm & 1

2 Pij Plm ) ÷hlm (k , t) are the
Fourier-transformed + and % modes ofh, with e+

ij (k ) =
e1

i e1
j & e2

i e2
j and e#

ij (k ) = e1
i e2

j + e2
i e1

j being the lin-
ear polarization basis, e1 and e2 are unit vectors per-
pendicular to k and perpendicular to each other, and
Pij (k ) = ) ij & ki kj is the projection operator. ÷T+ / # are
deÞned analogously. We solve Eq. (9) accurate to second
order in the time step and use 10243 mesh points in all of
our calculations. Our initial conditions have a weak seed
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3rd order time-stepping

10243 mesh points
initially:  weak seed field,

vanishing plasma velocity, 
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frequencies of ! 10! 9Ð10! 7 Hz, pulsar timing arrays
(PTAs), such as Parkes PTA (PPTA) [39], European
PTA (EPTA) [40], North American Nanohertz Obser-
vatory for Gravitational Waves (NANOGrav) [41], Chi-
nese PTA (CPTA) [42], Indian PTA (InPTA) [43], and
MeerKAT Pulsar Timing Array (MPTA) [44] are sensi-
tive to a stochastic gravitational wave background at the
level of ! GW h2

0 ! 10! 10. Various strategies for probing
higher-frequency gravitational waves, even up to the GHz
band, have been explored in recent years; see Ref. [45] for
a review of these activities. Nevertheless, a detection of
gravitational wave radiation at the level expected here,
even for |÷µY,5|/T " 1, seems far out of reach.

g. Baryon number overproduction. The pres-
ence of a helical hypermagnetic Þeld in the early uni-
verse is expected to give rise to a baryon asymmetry
[27, 28, 46]. This is because time-varying hypermagnetic
helicity sources baryon and lepton number through the
electroweak anomaly [47]. SpeciÞcally, the conversion of
a hypermagnetic Þeld into an electromagnetic Þeld at the
electroweak epoch atTphys " 100 GeV sources baryon
number after the electroweak sphaleron has gone out of
equilibrium, leading to a boost in the baryon asymmetry
[28].

The baryon number can easily be over-produced if the
magnetic Þeld strength is too large. Avoidance of this
baryon-number overproduction imposes an upper bound
of |÷µY,5|/T <! 10! 2 [48]. This bound is somewhat uncer-
tain as the baryon production calculation depends on a
detailed modeling of magnetic Þeld evolution at the Stan-
dard Model electroweak crossover [28], which is not well
understood.

III. NUMERICAL SIMULATIONS

In order to validate the preceding estimates, we have
performed three-dimensional numerical simulations us-
ing the Pencil Code [49]. These simulations allow us
to study the growth and evolution of the magnetic Þeld
during the chiral plasma instability and to evaluate the
spectrum of the resulting gravitational wave radiation.

We model the Standard Model matter and radiation
as a single component plasma of charged particles inter-
acting with the hypermagnetic Þeld. Several properties
of the plasma are relevant to the evolution: the magnetic
di" usivity (for simplicity here and below we suppress the
subscript ÒYÓ) ! (t) = 1 / " (t), the kinematic viscosity
#(t), the chiral di " usion coe# cient D5(t), the chiral de-
pletion parameter $(t), and the chiral chemical potential
µ50 # µ5(x , 0) = 2 %÷µ5/ & that enters as an initial condi-
tion. One can calculate" , ! , #, and D5 from Þrst princi-
ples using Standard Model particle physics. The hyper-
charge conductivity is predicted to be " ! T/ %" 100T
[50] implying ! " 0.01T ! 1, and we assume for simplicity
! = # = D5. The chiral depletion parameter $ arises
from the Standard Model chiral anomalies, and past
studies have obtained the prediction$ = 192 %2/T 2 $

0.02T ! 2 [25, 51]. The initial chiral chemical potential
can be written as µ50 " (6 % 10! 6 T)(÷µ5/T/ 10! 3) by
Þducializing to ÷µ5/T = 10! 3.

Given the limited dynamic range of numerical simula-
tions, it is not possible to set the parameters,! , #, D5,
$, and µ50, equal to the Standard Model predictions.
Instead we consider sets of simulations with di" erent pa-
rameters. They can be distinguished by the relative or-
dering of the characteristic quantities v! = µ50/ (Ecr $)1/ 2

and vµ = µ50! . We consider runs in regimes I (where
v! > v µ ) and II (where v! < v µ ).

The simulations solve a coupled system of partial dif-
ferential equations that account for MHD and the CME
[25] to determine the evolution of the magnetic Þeld
B (x , t), the energy density of the plasma ' (x , t), the
plasma velocity u (x , t), and the chiral chemical poten-
tial µ5(x , t). In the following, we solve the following set
of equations [51]
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where Sij = ( ( j ui + ( i uj )/ 2& ) ij ! áu / 3 are the compo-
nents of the rate-of-strain tensor. We solve Eqs (5)Ð(8)
using the Pencil Code [52], which is a massively par-
allel MHD code using sixth-order Þnite di" erences and a
third-order time stepping scheme.

For discussion of the simulation results, we employ
Òcode units.Ó Times are measured in units oft" = 1 /H " ,
lengths in units of l" = c/H " , and energies in units of
E" = Ecr," l 3

" . Setting øh = c = kB = 1 we deÞne
H" by the relation H" =
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(8&G/ 3)(&2/ 30)(g" T 4
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where g" = 100, Tphys ," = T" /a " = 100 TeV, and
T" = ( g" S,0/g " S," )1/ 3T0 $ 8 %10! 5 eV. If the CPI devel-
ops at a physical plasma temperature of 100 TeV then the
age of the universe is! 1/H " and Hubble-scale Fourier
modes havek ! H" . The linearized gravitational wave
equations are solved in wave number space [33],
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Parameters
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Dynamic range issues prevent studying the “expected” parameters.

6

TABLE I: Summary of Runs discussed in this paper. Runs B1, B10 , A1, and A12 of Ref. [12] are included for comparison. In
the last row, theoretically expected values are listed where ! 2 = ! Y / (0.01T ! 1 ) and µ3 = ÷µY, 5 / 10! 3T .

Run ! H " (Ecr " )1/ 2/H " µ50 /H " vµ v! ! µ2
50 /H " k1/H " Emax

M / Ecr Esat
GW / Ecr q

B1 1 ! 10! 6 2 ! 104 104 1 ! 10! 2 5 ! 10! 1 1 ! 102 1 ! 102 1.6 ! 10! 2 4.7 ! 10! 12 0.027
B10 1 ! 10! 3 2 ! 104 104 1 ! 101 5 ! 10! 1 1 ! 105 1 ! 102 6.0 ! 10! 2 6.0 ! 10! 9 12

A1 1 ! 10! 6 5 ! 104 104 1 ! 10! 2 2 ! 10! 1 1 ! 102 1 ! 102 4.6 ! 10! 3 8.9 ! 10! 14 0.032
A12 5 ! 10! 3 5 ! 104 104 5 ! 101 2 ! 10! 1 5 ! 105 5 ! 101 9.2 ! 10! 3 3.0 ! 10! 10 18

X1 5 ! 10! 8 1010 106 5 ! 10! 2 1 ! 10! 4 5 ! 104 5 ! 103 2.4 ! 10! 9 8.8 ! 10! 31 0.39
X2 5 ! 10! 9 1010 106 5 ! 10! 3 1 ! 10! 4 5 ! 103 5 ! 103 2.4 ! 10! 9 1.6 ! 10! 30 0.53
X3 5 ! 10! 10 1010 106 5 ! 10! 4 1 ! 10! 4 5 ! 102 5 ! 103 2.4 ! 10! 9 1.1 ! 10! 30 0.44
X4 5 ! 10! 11 1010 106 5 ! 10! 5 1 ! 10! 4 5 ! 101 5 ! 103 2.3 ! 10! 9 3.1 ! 10! 31 0.12

Y1 5 ! 10! 8 7 ! 1011 106 5 ! 10! 2 1 ! 10! 6 5 ! 104 5 ! 103 4.9 ! 10! 13 3.6 ! 10! 38 0.39
Y2 5 ! 10! 8 7 ! 1011 106 5 ! 10! 2 1 ! 10! 6 5 ! 104 2 ! 103 4.4 ! 10! 13 3.2 ! 10! 37 1.3
Y3 5 ! 10! 8 7 ! 1011 106 5 ! 10! 2 1 ! 10! 6 5 ! 104 1 ! 103 3.3 ! 10! 13 6.9 ! 10! 37 2.5

expected 10! 15 ! 2 6 ! 1012 5 ! 107µ3 6 ! 10! 8 ! 2µ3 8 ! 10! 6µ3 3! 2µ2
3 Ñ 6 ! 10! 15 µ2

3 7 ! 10! 39 ! 2
2 µ6

3 Ñ

FIG. 2: Comparison of h2
0! GW (f ) versus f for runs with

k1/H " = 10 3 (Run Y3, blue), 2 ! 103 (Run Y2, orange),
and 5 ! 103 (Run Y1, red), with " = 49 ! 1022 H 2

" / Ecr ," and
! = 5 ! 10! 8H ! 1

" with H 0 = 100 h0 km s! 1 Mpc! 1 . Run X4
with with " = 10 20 H 2

" / Ecr ," and again ! = 5 ! 10! 8H ! 1
" is

shown as the black line for reference.

1 kHz, but this value would increase with increasing val-
ues ofµ50, beyond the value of 106H! adopted here. The
Þducial value of ÷µY,5 = 10" 3T in Eq. (4) corresponds to
µ50 ! 5 " 107 H! , and since the simulations presented in
Fig. 2 haveµ50 = 106H! , the gravitational wave frequen-
cies are proportionally smaller.

Earlier work showed that Esat
GW grows approximately

linearly with ! and was proportional to (Ecr " )" 5/ 2, which
leads to the combined dependence [12]

Esat
GW / Ecr ! 6 " 10" 8 v5

! vµ , (11)

which implies that Esat
GW # µ6

50. In Fig. 3, we plot Esat
GW

versus v5
! vµ for Runs X1ÐX4 and Y1ÐY3. We see that

Eq. (11) agrees reasonably well with our numerical data.

FIG. 3: Dependence ofEsat
GW on v5

! vµ for our runs of Series X
(red) and Y (blue), as well as Series A (black) and B (orange)
of Ref. [12].

Compared with the runs of Ref. [12], the new one in
Fig. 1 has much smaller values ofv! (here v! = 10" 4

instead of 0.5 for the old runs of Series B) andvµ (here
vµ = 5 " 10" 5 instead of 10" 2, which was their smallest
value). This has been achieved by havingkcpi much larger
(here 106 instead of 104, for example). This also means
that we have to choose a correspondingly larger value of
the minimum wave number, k1.

IV. CONCLUSIONS

Our estimates of the key variables are summarized in
Fig. 4. Since we assume Standard Model particles and
interactions, as well as a standard cosmology with ra-
diation domination at temperatures T > 100 TeV, the
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Spectra for PMF and GWs
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Run X4

inverse cascade
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EM (x , t) = 1
2 ! |B (x , t)|2" =

!
d3k

(2! )3 PB (k ) =
!

dk
k

k3

2! 2 PB (k)
" #$ %
= d EM / d ln k

=
!

dk EM (k)NB :

! mag energy grows at kCPI/2
! GW energy grows while mag energy grows
! mag energy reaches maximum and GW 

energy spectrum saturates (solid curves)
! subsequently mag energy evolves with the 

inverse cascade scaling (expected for helical):

! resultant GW energy spectrum is blue-tilted

! (scaling should extend down to kIR~H)
! (most energy at kUV~kCPI)
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dEgw

d ln k = kEGW ! k1 (k ! kCPI)
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tH ! = 5 .37 (green-dashed)

tH ! = 3 .66 (blue-dashed)

tH ! = 2 .98 (solid)

tH ! = 2 .71 (orange-dot)

tH ! = 2 .56 (red-dot)

tH ! = 2 .41 (black-dot)

<latexit sha1_base64="U1ioxHTAJCkmxrhbGumxUl1XIJs=">AAABanicZY7LTsJAFIbP4AXEW8WVYUOsCxem6ZhGtiRujCtMLJBQJNPxSCaddiYzUxNCeAy3+ly+gw8hajfCt/ryn3Pyn1RLYV0YfpLa1vbObr2x19w/ODw69k5aA6tKwzHmSiozSplFKQqMnXASR9ogy1OJwzS7/ZkPX9FYoYpHN9c4ydmsEC+CM7eKxok2SjvVyZ6iqeeHQfhLZ1NoJT5U9KfeffKseJlj4bhk1o5pqN1kwYwTXOKymZQWNeMZm+Ein1dm13OHJrfLVTldr9qUwXVAb4LoIfJ7V9UbDWjDOVwChS704A76EAMHBW/wDh/wRVrkjLT/VmukujmFf5CLbw3FW8A=</latexit>

! k4
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Comparision w/ previous studies

30

these sims

earlier work Earlier work studied GW from 
CME at the EW epoch, assuming 

no chiral asymmetry washout
(see Run Series A & B)

We explore parameters that are 
closer to the expectation for early 

universe cosmology at T > 80 TeV
(see Run Series X and Y)

Main difference is the choice of 
magnetic diffusivity:  ! Y.

(see the table on prev. slide)

For those parameters, the GW 
signal is found to be weaker.

Scaling with v!
5  vµ from earlier 

work, confirmed over wider range.

<latexit sha1_base64="/Gz0u5+mgmis5IL8UmTYb+GZPAQ="></latexit>

! gw =

<latexit sha1_base64="2r/vYz+uE0Evw/Y848jqeBAsvtY="></latexit>

! gw
!

! Y
µ
6
Y,5



B-number overproduction
& an upper bound on µY5

cf., Kohei & Kyohei’s talks
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Sourcing baryon number

32

Varying hypermagnetic helicity sources B and L-number
<latexit sha1_base64="xsfMtmsdcbkzoUXcM9IlAS+gBZ0="></latexit>

! µ j µ
B = ! µ j µ

L = 3
g2

16" 2 W a ÷W a ! 3
g!2

16" 2 Y ÷Y

At the EW crossover, there is a change in helicity when the BY field converts to Bem

<latexit sha1_base64="w8w+hiHjJ0Qf6CBSYfohcgne96A="></latexit>

únB = únL = ! 3
g!2

4! 2
úH Y + á á á

!  this could explain the matter/antimatter asymmetry!
!   but it would be a problem if too many baryons are created

Fujita & Kamada (2016),  Kamada & AL (2016a,b),
Jimenez, Kamada, Schmitz,Xu (2017)
see also: Giovannini & Shaposhnikov

(also gravitational anomaly: cf, Evangelos’s talk)
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(B+L) washout is avoided

33

Kamada & AL (2016)

time evolution
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únB = ! ! sphaleron nB + Shelicity
<latexit sha1_base64="UPpoyuylatLdDs1k6IkhtMmy6cM="></latexit>

basic idea: nB ! Shelicity / ! sphaleron
<latexit sha1_base64="UIZ3gGMReFJ4sa4tFYdYNozO/iw="></latexit>
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Sensitivity to the EW crossover

34

We should work to develop a better understanding of how hypermagnetic fields are 
converted into electromagnetic fields at the EW epoch (even if it is a smooth crossover)

Kamada & AL (2016)
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If µY5 is too large, the helical BY-field becomes too strong, and B-number is over-produced.

The upper limit is subject to uncertainties associated with modeling BY -> BEM at the EW crossover.

We take                                         as a guide.

Avoiding baryon overproduction

35

[Domcke, Kamada, Mukaida, Schmitz, Yamada (2022)]

<latexit sha1_base64="EnQIvxSgSoZX1veNO3JDJ5RHZME="></latexit>

µY,5/T ! 10! 2

<latexit sha1_base64="B+KG0d38SwlBagiIcm4u5X62zmk="></latexit>

Bphys ,0 !
!
6.6 " 10! 16 G

"#
|µ Y, 5 |/T

10! 3

$1/ 3

recall



summary graphic
& remarks
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Summary

37

! chiral plasma instability develops at TCPI > 80 TeV before washout
! development of CPI leads to helical PMF and chiral GWs
! PMF could provide seeds for dynamo Ð explain galactic magnetic field
! GWs are high frequency and too weak to detect

!"#$%&'%()**+,$)'
#('+$%(+-'.+/0$+'
*%12+,01+2+(#(

.%$)02'23*.+$'
#('04+$56$0-3!+-

4#%.&+'7#2-07

<latexit sha1_base64="y6KBbEAbj9SR+AUrmKpAy7nBdkE=">AAABZnicZY7PSsNAEIdn65/WqjUq4sFLMRcvht1a7LXgRTxVME3B1rJZx7Jkkw27G6GEPoRXfTLfwMfQai623+njNzP8Js6VtI7ST1Lb2Nzarjd2mrt7+60D7/BoaHVhBIZCK21GMbeoZIahk07hKDfI01hhFCc3y3n0isZKnT24eY6TlM8y+SIFdz9RxOhTeXm1mHo+Degv7XVhlfhQMZh6d+NnLYoUMycUt/aR0dxNSm6cFAoXzXFhMeci4TMs03lldjV3aFK7LGerVesy7ATsOujed/1+p3qjAWdwDhfAoAd9uIUBhCAggTd4hw/4Ii1yQk7/VmukujmGf5D2N28JWZg=</latexit>

10! 3
<latexit sha1_base64="uL4f+t9N5fsDbEmGv6iLQHJGBak=">AAABZnicZY7LSgMxFIZP6q1WbUdFXLgpzsaNQzIU3RbciKsKTqdga8nEYwmTuZBkhDL0Idzqk/kGPoZWs7H9Vh//OYf/JKWSxlL6SRobm1vbO83d1t7+QbvjHR4NTVFpgZEoVKFHCTeoZI6RlVbhqNTIs0RhnKQ3y3n8itrIIn+w8xInGZ/l8kUKbn+imNGn+jJcTD2fBvSX7rowJz44BlPvbvxciCrD3ArFjXlktLSTmmsrhcJFa1wZLLlI+QzrbO7MrOYWdWaW5Wy1al2GYcCugt59z++H7o0mnME5XACDa+jDLQwgAgEpvME7fMAXaZMTcvq32iDu5hj+QbrfbgxZlw==</latexit>

10! 2

<latexit sha1_base64="8Yq5d8uPxJeO2ndrP6x3zKwYNH8=">AAABZnicZY7PSsNAEIdn679ataaKePASzMVT2JTSXgteiqcKTVIwpWzWsSzZTcLuRiilD+FVn8w38DGsmovtd/r4zQy/SUspjKX0kzT29g8Oj5rHrZPTs/a507mITFFpjiEvZKGnKTMoRY6hFVbitNTIVCoxTrP7n3n8itqIIp/YZYkzxRa5eBGc2U0UD6ibTDCaOx716S/urgS1eFAznjsPyXPBK4W55ZIZ8xTQ0s5WTFvBJa5bSWWwZDxjC1ypZW1mO7eolVlvyoPtql2Jun7Q93uPPW/Yrd9owg3cwh0EMIAhjGAMIXDI4A3e4QO+SJtckeu/1Qapby7hH8T9BknsWXM=</latexit>

70 TeV
<latexit sha1_base64="melP0oduMvys9GrCG1PfrDlavoc=">AAABaHicZY7LSgMxFIZP6q3W26gLETels3E1ZEqx24IbcVWhM604pWTisYQmk5BkhFL6FG71wXwFn8Kqs7H9Vh//OYf/5EYK5yn9JLWt7Z3dvfp+4+Dw6PgkOD1LnS4tx4Rrqe0oZw6lKDDxwkscGYtM5RKH+ez2Zz58ReuELgZ+bnCs2LQQL4Izv4oeu5TSZjbAdBKENKK/NDclriSEiv4kuM+eNS8VFp5L5txTTI0fL5j1gktcNrLSoWF8xqa4UPPK3Hru0Sq3XJXH61Wbkraj+CbqPHTCXrt6ow5X0IJriKELPbiDPiTAQcEbvMMHfJGAXJDLv9UaqW7O4R+k9Q30HFnn</latexit>

7000 TeV

<latexit sha1_base64="2kECylwHDqnJsKaxW/CuJGnkdz8=">AAABeXicZY7LSsNAFIZP6q3WS6NuBDfRbIpgmKml3RZcKK4qmLZgapiMxzJ0cmFmIpQQn8atvo/P4saq2dh+q4//nMN/okwKbQj5tGpr6xubW/Xtxs7u3n7TPjgc6jRXHH2eylSNI6ZRigR9I4zEcaaQxZHEUTS7+pmPXlBpkSb3Zp7hJGbTRDwLzswiCu3jnhMYEaN2KHksLmi3dIJrlmsd2i7xyC/OqtBKXKgYhPZt8JTyPMbEcMm0fqAkM5OCKSO4xLIR5BozxmdsikU8r0wv5wZVrMtFOV2uWpVh26Ndr3PXcfvt6o06nMAZtIBCD/pwAwPwgcMrvME7fMCXdWq1rPO/1ZpV3RzBP6zLbyTEYBs=</latexit>

7 ! 10! 16 G
<latexit sha1_base64="SlgKwQcn9vSmvAxIS2atrCcp/0U=">AAABeXicZY5NS8NAEIZn61etX1EvgpdoLkWwZGvVa8GD4qmCaQumhs06lqW7SdjdCCXEX+NV/4+/xYtVc7F9Tg/vzPBOnElhrO9/ktrS8srqWn29sbG5tb3j7O71TZprjgFPZaqHMTMoRYKBFVbiMNPIVCxxEE+ufuaDF9RGpMm9nWY4UmyciGfBmZ1FkXNA3dAKhcal/mNxSs9LN7xmuTGR4/kt/xd3UWglHlT0Iuc2fEp5rjCxXDJjHqif2VHBtBVcYtkIc4MZ4xM2xkJNKzPzuUWtTDkrp/NVi9Jvt+hFq3PX8brt6o06HMIxNIHCJXThBnoQAIdXeIN3+IAvckSa5ORvtUaqm334Bzn7Bh1OYBQ=</latexit>

1 ! 10! 15 G

<latexit sha1_base64="o6six//xtU3vEg1RZDQVfpJ2p5s=">AAABdXicZY7LSsNAFIZP6q3WW7zsRAhGxI1ppgTFXcGNuKpg2oKpYTIey9CZZMhMhBryLm71jXwSt1bNxvZbffznHP6TKMG18f1Pq7G0vLK61lxvbWxube/Yu3t9nRU5w5BlIsuHCdUoeIqh4UbgUOVIZSJwkEyuf+aDF8w1z9J7M1U4knSc8mfOqJlFsX1w5USGS9QO8R/L86ByIsVi2/U9/xdnUUgtLtT0Yvs2espYITE1TFCtH4ivzKikueFMYNWKCo2KsgkdYymnten53GAudTUrJ/NVi9LveOTCC+4Ct9up32jCIRzDGRC4hC7cQA9CYPAKb/AOH/BlHVkn1unfasOqb/bhH1b7GxzUXpI=</latexit>

9 ! 10! 4 pc
<latexit sha1_base64="/GtZBtLMSAeD/GFBvE2gl3Y8twY=">AAABdXicZY7LSsNAFIZP6q3WW7zsRAhGxI3pJBbdFtyIqwqmLZgaJuOxDJ1JwsxEqCHv4lbfyCdxa9VsbL/Vx3/O4T9JLrg2hHxajaXlldW15nprY3Nre8fe3evrrFAMQ5aJTA0TqlHwFEPDjcBhrpDKROAgmVz/zAcvqDTP0nszzXEk6Tjlz5xRM4ti+yBwIsMlascnj+X5ReVEOYttl3jkF2dR/FpcqOnF9m30lLFCYmqYoFo/+CQ3o5Iqw5nAqhUVGnPKJnSMpZzWpudzg0rqalbuz1ctSj/w/Euvc9dxu0H9RhMO4RjOwIcr6MIN9CAEBq/wBu/wAV/WkXVinf6tNqz6Zh/+YbW/ARRqXoo=</latexit>

2 ! 10! 3 pc

<latexit sha1_base64="r3lPDZeRzEG76At2r2+5L7BSh0s=">AAABcnicZY7NTsJAFIVv8Q/xh6I73VS7caHNFInEHYkb4woTCyQWm+l4JRNm2mZmqiENj+JWn8n38AEUMxvhW305NzfnpIXg2hDy5dTW1jc2t+rbjZ3dvf2m2zoY6LxUDCOWi1yNUqpR8Awjw43AUaGQylTgMJ3eLO7DV1Sa59mDmRU4lnSS8RfOqPmNErfV9WLDJWovJE/VxeX1PHF9EpA/vFUJrfhg6SfuXfycs1JiZpigWj+GpDDjiirDmcB5Iy41FpRN6QQrObOml3ODSupFebhctSqDdhBeBZ37jt9r2xl1OIZTOIMQutCDW+hDBAze4B0+4BO+nSPnxLGba479OYR/OOc/iShdWw==</latexit>

7 ! 10! 39
<latexit sha1_base64="y6oIojSO3rwHZEhVE8aq0eQu8eM=">AAABcnicZY7NTsJAFIXv4B/iD0V3uql240KbGSCyJXFjXGFigcRiMx2vZMJM23SmGtLwKG71mXwPH0Ax3Qjf6su5uTknzpQ0ltIvUtvY3Nreqe829vYPDptO62ho0iIXGIhUpfk45gaVTDCw0iocZzlyHSscxbOb5X30irmRafJg5xlONJ8m8kUKbn+jyGn13NBKjcZl9Km86nQWkeNRn/7hrgurxIOKQeTchc+pKDQmVihuzCOjmZ2UPLdSKFw0wsJgxsWMT7HU88rMam4x12ZZzlar1mXY9tm1373vev12NaMOp3AOF8CgB324hQEEIOAN3uEDPuGbnJAzUm2ukernGP5BLn8AgzpdVQ==</latexit>

7 ! 10! 33

<latexit sha1_base64="XmWNOcMPb1mp7HjuYwTH0RFYHqQ=">AAABZ3icZY7LSgMxFIZP6q3WS6cKIripzsbVkJRSt4VuiiBUcNoBp5RMPJbQzIUkI9TSl3CrL+Yj+BZWzcb2W3385xz+kxRKGkvpJ6lsbe/s7lX3aweHR8d1r3EyNHmpBYYiV7mOEm5QyQxDK63CqNDI00ThKJn1fuajF9RG5tmDnRc4Tvk0k89ScLuKIhqwZnzXf514Pg3oL81NYU58cAwm3m38lIsyxcwKxY15ZLSw4wXXVgqFy1pcGiy4mPEpLtK5M7OeW9SpWa7K2XrVpgxbAesE7fu23225N6pwAVdwDQxuoAt9GEAIAhS8wTt8wBepkzNy/rdaIe7mFP5BLr8BlqhZpQ==</latexit>

0.1 MHz
<latexit sha1_base64="SlpuR7hiT+nnyJGpwxsEoVL7kR0=">AAABZXicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKhRkqxPh6VMULKBvoGYCBAibDEMpQZoCCgHgBr5iU/OTS3NS8kuScxOLiaEODgpLY6sSikszknNRarpjS4tSCxOTsxPTU6txKKKsYXbwktSi3uBZouSG6VZiMMCM9QzM9k0ATZQcjqDM4GKQZlBg0GAwZzBkcGDwYAhhCGZIZshgmMMxkmMXwnJGXUYRRDKKUiRGqR5gBBTDKAwDu31kz</latexit>

1 MHz

<latexit sha1_base64="5WjAZ2/2DVExz9eAkTZNk0utJ30=">AAABh3icZY7LTsJAFIbP4A3wQtWlG2ITg4kpLUF0iXFjXGFCAWNJMx2OZMJM23SmRlL6Bj6NW30R30bRboRv9eU/5+Q/QSy40rb9RUobm1vbO+VKdXdv/6BmHB4NVJQmDF0WiSgZBVSh4CG6mmuBozhBKgOBw2B2u5wPXzBRPAr7eh7jWNJpyJ85o/on8o2zxsLTXEww82Sa+9njxWW+aPbPfU/jq848xeos5rlvmLZl/1JfF6cQEwp6vnHvTSKWSgw1E1SpJ8eO9TijieZMYF71UoUxZTM6xUzOC1OrucZEqmW5s1q1LoOW5XSs9kPb7LaKN8pwAqfQAAeuoAt30AMXGLzBO3zAJ6mQJumQ67/VEilujuEf5OYbZG9mcA==</latexit>

(|÷µY,5|/T )CPI

<latexit sha1_base64="jTdLVhxml6tYGOck/aXy4BQ/ZwE=">AAABsnicZY5LT8JAFIVv8YX4qrp008gGE4ItQd2SuDGuIOGlDjbT4QoTpu1kZmokpb/L3+LCrf4NUbsBzurLuefmnEAKro3rfliFjc2t7Z3ibmlv/+DwyD4+6ek4UQy7LBaxGgRUo+ARdg03AgdSIQ0Dgf1gevt777+i0jyOOmYmcRjSccRfOKNmYfl2u+OnJKRmosJUTmY6qxKDbyYlmjlM8ixziFSxNLFTmRPDxQgX8STz04fqVTa/7Fz4y/nnum+X3Zr7J2cdvBzKkKvl2/dkFLMkxMgwQbV+8lxphilVhjOBWYkkGiVlUzrGNJzlpFd9gyrU2aLcW61ah1695l3XGu1GuVnPZxThDM6hAh7cQBPuoAVdYPAOn/AF31bDerSoxf6jBSv/OYUlWeIHP8R5DQ==</latexit>

Tphys ,CPI ! (|÷µY,5|/T )2
CPI

<latexit sha1_base64="CRFqT4Gnd3zoEAMV85nnpdlcsOw=">AAABqXicZY5LT8JAFIVv8YX4qrp008gGI4EWUbdEN8QVJLzUYjMdrjBh2k5mpkZS+pf8NW5c6G8RtBvlrL6ce27O8QVnStv2h5FbW9/Y3MpvF3Z29/YPzMOjnopiSbFLIx7JgU8UchZiVzPNcSAkksDn2Pent8t7/wWlYlHY0TOBw4CMQ/bMKNELyzObN17iBkRPZJCIyUylZTu1XCEjoSOrNHc14yNcJOLUS+7Ll+m82jnzXI2vOnEVtahg6VPiVC9SzyzaFftH1io4GRQhU8sz79xRROMAQ005UerRsYUeJkRqRjmmBTdWKAidkjEmwSwj9d/XKAO1LHf+V61Cr1Zxrir1dr3YqGUz8nACp1ACB66hAU1oQRcovME7fMKXcW60jYHx8BvNGdnPMfyRQb8BpqV0gw==</latexit>

Bphys ,0 ! (|÷µY,5|/T )1/ 3
CPI

<latexit sha1_base64="agOY7nKIUYXWg8Z482YP9M7TdNQ=">AAABrXicZY7LTsJAFIZPvSLeqi7dNLLBhECLqFsSN8ZoggkFjAPNdBhhwkw76UwNZOhL+TS61CdRtBvhW335zzn5Tyg5U9p1P6y19Y3Nre3CTnF3b//g0D467qg4TQj1SczjpBdiRTmLqK+Z5rQnE4pFyGk3nNws5t1XmigWR209k7Qv8ChiL4xg/RMF9j2assA8VJDAepwII8czlVXczEEyiaWOnfIcacaH1CCRZoF5qlxm81r7PECaTrVBijhEsmxgvNpFFtglt+r+4qyKl0sJclqBfYeGMUkFjTThWKlnz5W6b3CiGeE0K6JUUYnJBI+oEbPc1HKuaSLUotxbrlqVTr3qXVUbj41Ss56/UYBTOIMyeHANTbiFFvhA4A3e4RO+rJrlW8ga/K2uWfnNCfzDGn0DFRd2Hw==</latexit>

! M, phys ,0 ! (|÷µY,5|/T )1/ 3
CPI

<latexit sha1_base64="67aiiRCgZJp9itsqLBc4UeNJ+8w=">AAABqnicZY7LTsJAFIaneEO8VV26aWSDCcGWIG5JXHjZiIZrGGimwxEmzLSTmamRlD6TT+PCjb6KqN0o3+rLf87JfwLJmTau+27l1tY3Nrfy24Wd3b39A/vwqKOjWFFo04hHqhcQDZyF0DbMcOhJBUQEHLrB7Op73n0GpVkUtsxcwlCQScieGCVmGfn2Lb4XMCE+FsRMlUiuu6kz9d1R1cFSRdJETmmBDeNjSLCIUz/ply/SxXnrzMcGXkyCNXWoZOmo7ttFt+L+4KyKl0kRZTR9+w6PIxoLCA3lROuB50ozTIgyjHJICzjWIAmdkQkkYp6Z/p8bUEKny3Lvf9WqdKoVr16pPdSKjWr2Rh6doFNUQh66RA10g5qojSh6RW/oA31aZevR6luD39Wcld0coz9Y4y+c1nRo</latexit>
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grav waves from chiral plasma instability Andrew Long   (Rice University)

Stochastic B-field power spectra & energy
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