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Baryogenesis “by-products”

1

Among the outstanding problems in modern cosmology (dark matter, dark 
energy, inflation, baryogenesis) … the matter / anti-matter asymmetry is 
uniquely challenging, because we only know one number (nB/s = 10-10)!

Therefore it is compelling to study models with “secondary predictions” that 
we can test in the lab (e.g., EWBG tested by collider observables & EDMs).  

However, the physics of baryogenesis may not within reach of terrestrial 
experiments (e.g., Affleck-Dine, GUT baryogenesis, high-scale leptogenesis).

In this case, we may still probe the origin of the matter / anti-matter 
asymmetry through observations of baryogenesis “by-products”.  

Baryogenesis requires a departure from thermal equilibrium (Sakharov), and 
such conditions may create additional cosmological relics (e.g., gravity waves 
and topological defects) or the OOE conditions may be provided by other 
relics (e.g., primordial black holes and primordial magnetic fields).  

If we could observe these other relics (spectra), we would gain a new handle 
on the origin of the matter / anti-matter asymmetry (more numbers) .  
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where I’m going with this:

if there’s time at the end:



the electroweak plasma
& particle asymmetries
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The electroweak plasma
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We’re thinking about the primordial plasma before the electroweak epoch.

FRW spacetime (homo / iso)

R-dominated

at the electroweak epoch:
<latexit sha1_base64="cHODM5gYstB3HMB8JsmAan1UVbE=">AAABnHicZY5dSwJBGIXfsS+zD7e6DGLIG7tIdkUqiECoiygCg3YVXJPZ8W0ZnP1gZpRE/TH9mm7rsn+T2t6k5+rhnPNy3iCVQhvb/iG5tfWNza38dmFnd2+/aB0cejoZKI4uT2SiWgHTKEWMrhFGYitVyKJAYjPo387z5hCVFkn8YkYpdiIWxuJNcGZmVte6Lvu9HtVnr1V6Q1nZzMEPRCjbdJEsjHM6mbP/PkQ+yQqqQ7tWya7YC9FVcDIoQaZG13rwewkfRBgbLpnWbcdOTWfMlBFc4rTgDzSmjPdZiONolJFe9g2qSE9n487y1Cp41YpzUak910r1q+yNPBzDKZTBgUuowz00wAUOH/AJX/BNTsgdeSRPf9UcyW6O4J+I9wuZpWqi</latexit>

(ds)2 = a(t)2
⇥
(dt)2 � |dx|2

⇤

<latexit sha1_base64="XrQSxD+jx87G+08tb/6nVLP4gW8=">AAABmHicZY7LSgNBEEWr4yvG16g73QxmE0HCTAzGjRCQ4GMVJS+wk6GnrYQmPQ+6O0IY5lP8Grf6Af6NE52Nyd3U4dYtbvmxFNo4zjcprK1vbG4Vt0s7u3v7B9bhUU9HM8WxyyMZqYHPNEoRYtcII3EQK2SBL7HvT28X+/4bKi2isGPmMQ4DNgnFWHBmMsuzGrTFmayYc/vGpmasGE9oLEa1NLl0Upte2BMvoUwbu5UuQpnRyeao7lllp+r8yl4FN4cy5Gp71iN9jfgswNBwybR+cZ3YDBOmjOAS0xKdaYwZn7IJJsE8J73sG1SBTrNyd7lqFXq1qntVrT/Vy83r/I0inMIZVMCFBjThHtrQBQ7v8AGf8EVOSJPckYe/aIHkN8fwT+T5B4A4afc=</latexit>

E(t) = ⇡2

30 g⇤E(t)T (t)
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<latexit sha1_base64="ujT6Jkq5hdjxFrh61nZTjoDYubA="></latexit>
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<latexit sha1_base64="eB9mIhn9YBXGzIBA53A7BzXMO0o="></latexit>

H(t) = 1
a(t)

d
dta(t)

comoving entropy constant
<latexit sha1_base64="nP5tt+CDTDC4nk6VKJsdVS5hZow=">AAAD6nichVLLbtNAFJ3WPEp4NIUlG4sIKZXS1HbTlg1SVTYsi3CSSp3EGjsTZ5QZ25qZUEXT+Ql2iC2/wYewZgv/wIxjUeVRuAvrzr3nnjlnfOOCEiE978fWtnPv/oOHO49qj588fbZb33veE/mMJ7ib5DTnlzESmJIMdyWRFF8WHCMWU9yPp+9sv/8Jc0HyLJTzAg8YSjMyJgmSphTV+6Ip9923LpRjjhIVwIIMA606x9pNIw WRkO5HbSGh+QyP/oNsedoNI8/gonrDa3tluOuJXyUNUMVFtLet4ChPZgxnMqFIiCvfK+RAIS5JQrGuwZnABUqmKMWKzatMrNYl5swWM3yd5IyhbKQgvtYKMiQnnCmTr3SLyVzc9suTrr1egqRjMjKQmKQpbbqw9J9G1rJWvnfSPjVvUHb5/gp5NXlOykG5edJ01wblhivDaFlmq+SxRJ4LQ9w7nEbnt0LcZUK0gRAiWkyQJRiqg0DfZUJsGhUkZWjx342EypoVoOAkRtxwScKwcEtxLbMVJfIudWzDFTeGgY6wac50pI4Xbm8Ow7/PZ0QfaUv+L99CWDJ9FQysEcvb8CGbYp4dBO3AUKuGcW7W1V9dzvWkF7T9k3bnQ6dx9qZa3B3wErwCTeCDU3AG3oML0AUJ+A5+gl/gt0Odz84X5+sCur1VzbwAS+F8+wMG9Epx</latexit>

s(t) = 2⇡2

45 g⇤S(t)T (t)
3 = 2⇡2

45 g⇤S,0T
3
0
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A note on notation
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All dimensionful variables are comoving.  Some examples,

conformal time:

comoving temperature:

comoving energy density:

comoving chemical potential:

comoving magnetic field strength:

comoving conductivity:

<latexit sha1_base64="24y1/DpHyuJtPcUuu/fOnQY4oBQ="></latexit>

T = aTphys
<latexit sha1_base64="CBp15QvNIXNJI74+/cV8FpkEuyM="></latexit>

E = a4Ephys
<latexit sha1_base64="EXTu0wo4ldpytAE7lOTXbDBF3gY="></latexit>µ = aµphys
<latexit sha1_base64="/1F8lpESKtcUV87gfsYvSYn70II="></latexit>

B = a2Bphys

<latexit sha1_base64="MGsMa0I9TNl1YES6UnzucG3eLNs="></latexit>� = a�phys

Friedmann equation:

comoving magnetic correlation length:

comoving Hubble param:
<latexit sha1_base64="c6Axdk5XCeL811GFOi5LvDF9iKw="></latexit>

H = aHphys

<latexit sha1_base64="/VrPshcCdJj5JKX0HV+oYoV0+MM="></latexit>

⇠M = ⇠M,phys/a

<latexit sha1_base64="4/+wt7pIYUp/R1kemfvrbaYZjwQ="></latexit>

3a2M2
plH

2 = E

<latexit sha1_base64="LAqfFRsTVm1JDJovtgVdDysQ7Sw="></latexit>

dt = dtphys/a
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Particle content of the universe
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The Standard Model of the 
Elementary Particles

gauge theory
<latexit sha1_base64="kEnUobl+cUx7x9mvbP0gXACOkCU="></latexit>

SU(3)c ⇥ SU(2)L ⇥U(1)Y

field content
<latexit sha1_base64="z+LpDDcozf/HKCF9MiDppLjc2gs="></latexit>
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✓
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�

electroweak unbroken phase
<latexit sha1_base64="TDH69KB6YNJn6HBjIsRoRPTL3W0="></latexit>

h�i = 0
<latexit sha1_base64="3TiXqFHGqRHT9DK2XFEu1E6ltJ0="></latexit>

mass(W±, Z) = 0
<latexit sha1_base64="drkr7FxRoXx3xYwW8odcI+5J+Kw="></latexit>

mass(quarks, leptons) = 0



AI Image Generator
“primordial 

electroweak plasma”
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Particle asymmetries
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All of the SM particles interact (scatter, decay, inverse-decay) & maintain thermal equilibrium

momentum distribution number density (for small µi)

particle asymmetries

if pair annihilation & production 
are in thermal equilibrium:

<latexit sha1_base64="RO6j0GKFn1QrC6elDlzWpV5d+lY=">AAABlnicZY7LSsNAFIbP1Futt6gLBTfBbtxYklLUjVIQ0WUFewFTwmR6bIfOJGFmYilDnsatPpBvY6PZ2P6rj/8/B74oFVwbz/smlbX1jc2t6nZtZ3dv/8A5POrpJFMMuywRiRpEVKPgMXYNNwIHqUIqI4H9aHpf7P13VJon8YuZpziUdBzzN86oWVShcxLILOTurXvpFmSDiCrL8zx06l7D+427Cn4JdSjTCZ1JMEpYJjE2TFCtX30vNUNLleFMYF4LMo0pZVM6RivnJenl3qCSRRnjjCVS0nhkA5zlNpDUTJS0Cy7U/GWRVeg1G/5Vo/XcqrdvSskqnME5XIAP19CGJ+hAFxjk8AGf8EVOyR15II9/pxVS/hzDv5DOD+QEbNQ=</latexit>µi = �µī

<latexit sha1_base64="jXDP0CHa+vMHkPLfXqb5yS+jcdU=">AAABv3icZY7LTsJAFIZP8YZ4q7p008gGEkJaIOrGBOPGJSZySRxoptMBJnSmk5kBQpq+jk/jVhPfxoLdCP/qy/efk/yBjJg2rvtjFfb2Dw6Piselk9Oz8wv78qqn47kitEviKFaDAGsaMUG7hpmIDqSimAcR7Qez53XfX1ClWSzezErSIccTwcaMYJMp326jMHSEzyqm6jw6E585qOagscIkyZpR00FyQUmaVBpIsuqoma77cXa/8TVT9e2yW3c3cXbBy6EMeTq+PUVhTOacCkMirPW750ozTLAyjEQ0LaG5phKTGZ7QhK9y0tveUMXXUtAliTnHIkwQXaYJ4thMFU8yTrNp3vaQXeg16t5dvfXaKrcf8pFFuIFbqIAH99CGF+hAFwh8wCd8wbf1ZE0sYcm/04KV/1zDv1irX58Wess=</latexit>

dni(t) = gi
d3p

(2⇡)3
fi(p, t)

<latexit sha1_base64="ikzmrWfgEUgYxbrrRg9laTyCdx0=">AAACGnicjY5LTwIxFIVbfCG+UJduJrIQouCMIerGhMSYuMSEV0Jh0imXoWE6M5kWCJnML9Ff4864deO/seBshI1306+n59weJ/S4VKb5jTMbm1vbO9nd3N7+weFR/vikJYNJxKDJAi+IOg6V4HEfmoorDzphBFQ4HrSd8ePivT2FSPLAb6h5CD1BXZ8POaNKS3b+dWjzIgmnwK5UyXgwiAMu92OmV8pE37jrFQ0C0I+7T9qpPWWDiMkSe8a10dBnojVr6Y1K/bhs6Rz5d/RyNQr+IP3ezhfMirkcYx2sFAoonbqdH5FBwCYCfMU8KmXXMkPVi2mkOPMgyZGJhJCyMXUhFvOU5KquIBIL0YcZC4Sgug+BWRITQdUoErHmRTVrtcg6tG4q1m2l+lIt1O7Tkll0hs5REVnoDtXQM6qjJmIY4wtsYgu/4Xf8gT9/rRmcZk7Rn8FfP/j0ls0=</latexit>

fi(p, t) =

(�
e[Ei(t)�µi(t)]/T (t) � 1

��1

�
e[Ei(t)�µi(t)]/T (t) + 1

��1

<latexit sha1_base64="9zuqA00ivdgVZg5eMavSmwZ/LxQ=">AAABp3icZY7LTsJAFIbP4A3xVnXpppENxIS0hKAbExJj4k5M5JJYaKbDESbMtHVmgJDCK/g0bvU9fBuLdiP8qy//f07yBbHg2jjON8ltbe/s7uX3CweHR8cn1ulZW0cTxbDFIhGpbkA1Ch5iy3AjsBsrpDIQ2AnGd6u9M0WleRQ+m3mMPUmHIX/ljJq08q3Svc9Lpmzf2p5+UyZZePEU2aJfta9smg4pSJ/3q0vfKjoV5zf2JrgZFCFL07dG3iBiE4mhYYJq/eI6seklVBnOBC4L3kRjTNmYDjGR84z0em9QyVUZ4oxFUtJwkHg4WyaepGakZJLySs1dF9mEdrXi1iu1p1qxcZNJ5uECLqEELlxDAx6gCS1g8A4f8AlfpEweSZt0/05zJPs5h38h9Acp0XIs</latexit>

Ei(t) =
q

|p|2 + a(t)2m2
i

<latexit sha1_base64="rKY1PwUlZOkM284KDEHQx/9auKE=">AAACQHicjY9LSwMxFIWT+mx9VV26CXZhi1BmpqW6EQQ3bkSFvsC0QyZe29DJzDBJFR3y4/Rf+A/ciVtXRh0XKohn9eXc3MO5QRIKpR3nERdmZufmFxaLpaXlldW18vpGV8XTlEOHx2Gc9gOmIBQRdLTQIfSTFJgMQugFk6P3ee8aUiXiqK1vExhINorEleBMW8sv3xcjX1R1jRyQkS8IDWAkoozbRGVKRXqVMp7RO9Cs2qiZjCZi6BnSHjbILvkcuiZrGULl1G63h571T6sfL8vtGqGUfMU0TNY05H+RrvdHpg2E6DIvSfxyxak7HyK/wc2hgnKd+eUxvYz5VEKkeciUunCdRA8ylmrBQzAlOlWQMD5hI8jkbU7qp68hle9mBDc8lpLZQhRu7D2S6XEqM8vGVnN/FvkNXa/uturN82blcD8vuYi20DaqIhftoUN0jM5QB3G8g09wF/fwA37Cz/jl82sB5zub6Jvw6xvfIaWC</latexit>

ni(t) = gi

(
⇣(3)
⇡2 T
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6µiT

2 +O(µ2
iT )

3
4
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⇡2 T
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2 +O(µ2
iT )

<latexit sha1_base64="BnPb1ONmND/8ZKwtpBQ1bNTDs8M=">AAAB/3icfY7NTsJAFIVn8A8QFTW6cTORDcSEtEjQjQmJLtyJCX+Jg810uMCETtt0BglpmujTuDNufRRfwOewYBcKiWf13XPPvTm27wilDeMTp9bWNza30pnsdm5ndy+/f9BW3iTg0OKe4wVdmylwhAstLbQDXT8AJm0HOvb4er7vPEGghOc29cyHnmRDVwwEZzq2rPxzht6AoxlxLVHUJXJFhpYg1IahcEMeP1ZRNkMHAeOhGYXnEaFyEgeajxVyRu6KiynmZolQSn4la/8k4xi4/eS7lS8YZWMhsgpmAgWUqGHlR7Tv8YkEV3OHKfVgGr7uhSzQgjsQZelEgc/4mA0hlLOE1LKvIZBz04Up96RkcR8K0yikkulRIMOY59XM5SKr0K6UzVq5el8t1C+Tkml0gk5REZnoAtXRLWqgFuLoC+fwET7GL/gVv+H3n2gKJzeH6I/wxzcMpo48</latexit>
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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,
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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,
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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
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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
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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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Hypercharge-weighted chiral asymmetry

11

For example, baryon-number

Some particle asymmetries correspond to (quasi-)conserved charges.  They’re important.

We’re particularly interested in the hypercharge-weighted chiral asymmetry:
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Interactions & charge conservation

12

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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<latexit sha1_base64="76sk8h0AlL4AYgY+undYwXJ5mNE=">AAABgHicZY67TsNAEEVnzSuEl4GSBuEmlbFRBIgqEg1leDiJhCNrvRmcVXZta3dNFFn+BFr4Nv4GB9yQ3Oro3hnpxLng2njeN7E2Nre2d1q77b39g8Mj+/hkoLNCMQxYJjI1iqlGwVMMDDcCR7lCKmOBw3h2v9yH76g0z9IXs8hxLGmS8jfOqKmrZ4yeItvxXO835+vgN+BAk35kT8NJxgqJqWGCav3qe7kZl1QZzgRW7bDQmFM2owmWctGQXu0NKrksU5yzTEqaTsoQ51UZSmqmSpY1V7WavyqyDoMr1792u49dp3fbSLbgDC6gAz7cQA8eoA8BMEjgAz7hi1ikQy6J/3dqkebnFP6F3P0AS3Rkmg==</latexit>eR

<latexit sha1_base64="76sk8h0AlL4AYgY+undYwXJ5mNE=">AAABgHicZY67TsNAEEVnzSuEl4GSBuEmlbFRBIgqEg1leDiJhCNrvRmcVXZta3dNFFn+BFr4Nv4GB9yQ3Oro3hnpxLng2njeN7E2Nre2d1q77b39g8Mj+/hkoLNCMQxYJjI1iqlGwVMMDDcCR7lCKmOBw3h2v9yH76g0z9IXs8hxLGmS8jfOqKmrZ4yeItvxXO835+vgN+BAk35kT8NJxgqJqWGCav3qe7kZl1QZzgRW7bDQmFM2owmWctGQXu0NKrksU5yzTEqaTsoQ51UZSmqmSpY1V7WavyqyDoMr1792u49dp3fbSLbgDC6gAz7cQA8eoA8BMEjgAz7hi1ikQy6J/3dqkebnFP6F3P0AS3Rkmg==</latexit>eR

<latexit sha1_base64="mMuj+e6vqaQjO2zOSsaDY9aeMgI=">AAABhnicZY69TsMwFIWvy18ofwFGFkQWpihBpWWMxMJYEGmLSBU57qW1aieR7VBVUZ6CFR6MtyGFLLRn+nTOvdKX5IJr43nfpLW1vbO7Z+23Dw6Pjk/s07OBzgrFMGSZyNQooRoFTzE03Agc5QqpTAQOk/n9ah++o9I8S5/NMsexpNOUv3FGTV29RAlVJVbxU2w7nuv95nIT/AYcaNKP7Vk0yVghMTVMUK1ffS8345Iqw5nAqh0VGnPK5nSKpVw2pNd7g0quyhQXLJOSppMywkVVRpKamZJlzVWt5q+LbMLgxvW7buex4wR3jaQFF3AF1+BDDwJ4gD6EwEDCB3zCF7GIS25J7++0RZqfc/gXEvwA/vZnXw==</latexit>

ēR

hypercharge Y-chiral

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

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 ēR: Y = +2 "Y 2 = �4



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

Chiral charge erasure
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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
dtµY,5(t) = ��f(t)µY,5(t)

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

�f(t) ⇠
�
1.3⇥ 10�2

�
y2eT (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


�
Z t

t0

dt0 �f (t
0)

�



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

key message thus far
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There might be a primordial chiral asymmetry (e.g., eR > ebarR).  

Yukawa interactions will erase the asymmetry once 
the plasma temperature drops to ~ 80 TeV.  

If we want to do something fun with the chiral asymmetry, 
we need to finish before T = 80 TeV

(or continue to source the asymmetry later, cf. Misha’s talk)



magnetic field evolution
& chiral magnetic effect
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A hypermagnetic field
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<latexit sha1_base64="bT0XBGWAFb/J5M7rAsTGq9qbEP8=">AAABwXicZY7LSsNAFIZP6q3WW9Slm2A3FaQkUtRlaRFcVrAXcUqYTI/t0EwSZ6Y3hryPT+NWfRvTmo3tv/r4z3/gC5KQK+26P1Zha3tnd6+4Xzo4PDo+sU/POiqeSIZtFoex7AVUYcgjbGuuQ+wlEqkIQuwG4+by3p2iVDyOnvUiwb6gw4i/cUZ1Vvl2w5BAOI3Uf6kQ1PSazKfIrhzyPqEDh2ica0OjQZoXq/HD2ti3y27VXcXZBC+HMuRp+faIDGI2ERhpFlKlXj030X1DpeYsxLREJgoTysZ0iEYsclLrvUYplmWEMxYLkVkagrPUEEH1SAqTcZqpeesim9C5qXq31dpTrVy/zyWLcAGXUAEP7qAOj9CCNjD4gE/4gm+raXErseTftGDlP+fwL5b5BZ36fcw=</latexit>

BY (⌘,x) and EY (⌘,x)

mag screening in QCD:  Gross, Pisarski, & Yaffe (1981)
see also:  Arnold, Son, & Yaffe (1996)

<latexit sha1_base64="kEnUobl+cUx7x9mvbP0gXACOkCU="></latexit>

SU(3)c ⇥ SU(2)L ⇥U(1)Ygauge interactions:

Where can we add magnetic fields to our primordial plasma?
(for T > 100 GeV electroweak unbroken phase)

(1)  electromagnetism is in here:
<latexit sha1_base64="s5ERCuLzvq1LVzlI90NbRHApDCg=">AAABtnicZY7NTsJAFIXv4B/iX9Wlm0Y2JhrSAhE3Jqgbl5gIJXGgmQ5XmNCZNp2phDQ8ik/jVh/AtxGwC4Wz+vKde5MTxKHQxnG+SWFjc2t7p7hb2ts/ODyyjk86OkoTjm0ehVHSDZjGUChsG2FC7MYJMhmE6AXjh0XvvWGiRaSezTTGnmRDJV4FZ2aufKtx51OZ2rc25ZGmZoSG+Z5Nr+z7pb+0qRbqr/cWvl/zrbJTcZax18HNoQx5Wr41ooOIpxKV4SHT+sV1YtPLWGIED3FWoqnGmPExG2ImpznpVW8wkQupcMIjKZkaZBQns4xKZkaJzOY8m09zV4esQ6daca8r9ad6uVnNRxbhDM7hAlxoQBMeoQVt4PAOH/AJX+SG9AmS4e9pgeQ/p/AvJP4BGOJ4CA==</latexit>

Aµ = cos ✓W Bµ + sin ✓W W 3
µ

(2) but non-Abelian 
magnetic fields 

are screened 
at finite temperature

<latexit sha1_base64="EBM6x+Ept0IBFeh/fSLwdideZV0=">AAABmHicZY7NTsJAFIXv4B/iX9WVumnsxhVpCVGXJC7UHRoKJBab6XCFCTNtMzNISNP4NG71eXwbi9aFcFZfzrk3+aJUcG1c94tU1tY3Nreq27Wd3b39A+vwqKuTqWLos0Qkqh9RjYLH6BtuBPZThVRGAnvR5Gax915RaZ7EHTNPcSDpKOYvnFFTVKF1IsNAUjNWMiuW3A40l/bouWF3Qstx6+5P7FXwSnCgTDu0xsEwYVOJsWGCav3kuakZZFQZzgTmtWCqMaVsQkeYyXlJerk3qOSijHHGEilpPMwCnOXZn2XBeaHmLYusQrdR9y7rzYem07ouJatwBudwAR5cQQvuoA0+MHiDd/iAT3JKWuSW3P+eVkj5cwz/Qh6/AT1Xbb8=</latexit>

mmag ⇠ g2T

(3) so the only place for long-range 
coherent magnetic fields is here



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

Evolution of hypermagnetic fields
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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 +r · JY = 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>

JY = �Y

�
EY + v ⇥BY

�
+ 2

⇡↵Y µY,5 BY

Ohm’s 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 = g02/4⇡ ⇡ 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> r ·EY = ⇢Y

r⇥EY = � @
@tBY

r ·BY = 0

r⇥BY = JY + @
@tEY
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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.  

How can we understand this effect?  

On the other hand, the CME has:  

From the symmetry perspective, the CME could be correct.

Chiral magnetic effect

18

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

Boyarsky, Frohlich, & Ruchaiskiy (2011)

<latexit sha1_base64="i6fTZtEAzZo+88lIFFyGYRByhpw=">AAACOnicZZDNSgMxFIUz/tb6V3XpJtiNQikzUlQEsVQKUjcVbC2YUjKZqw1NZsZJ2lqGeSj3voe6U3fi1gewUweK47lwOTlfErjX9gVX2jRfjZnZufmFxcxSdnlldW09t7HZVF4/YNBgnvCClk0VCO5CQ3MtoOUHQKUt4NruncX8egCB4p57pUc+tCW9c/ktZ1SPo07ugmh40CHzXMUdCAqYK6y740aF8IbgHEeY3Pepg0ltAAyfYNkBTAqYVOIjiWvywe7pXtTJ5c2iORH+b6zE5FGieif3QhyP9SW4mgmq1I1l+rod0kBzJiDKkr4Cn7IevYNQjhKn0rmGQMahC0PmSUldJyQwjEIiqe4GMhz7FI1HicKQ2BLX0qw6ZdU0q0xZJc0GUzaI4lVY6cH/m+Z+0Tooli5L+fJRspQM2kY7aBdZ6BCV0TmqowZi6BE9ozf0bjwZH8an8fV7dcZI3myhPzK+fwAJMK8T</latexit>

consider, is this allowed: J = me B (?)
<latexit sha1_base64="HlSjgPZSYUJwx6klh7IpgurhqvY=">AAACUXicbZBLS8NAFIVv47v1UXXpZrAgrkoiouJKFEFcVbCt4JQymV7r0EwSZyapJeT/uXejf8KtujO1gWLqWR3Odw9z57qhJ7Sx7feSNTe/sLi0vFKurK6tb1Q3t1o6iBTHJg+8QN25TKMnfGwaYTy8CxUy6XrYdgcXY96OUWkR+LdmFGJHsr4vHgRnJou6VZcafDaJZFqTnpDojyf1aUr2CH2KWI9MOOWSqUFKKCXlSRIyJcyIhCoIURmB/3SeJ51utWbX7V+RWePkpga5Gt3qG+0FPMqWMdzLFrt37NB0EpY9wz1MyzTSGDI+YH1M5Ch3upgbVHIc+jjkgZTM7yUUh2lCJTOPSiaZL9DrGHmaJNSV5LrILqfsssjOp+y8yOIpi9M0O4VT/PisaR3UnaP64c1h7ewkP8oy7MAu7IMDx3AGV9CAJnB4gQ/4hK/Sa+nbAsuajFqlvLMNf2RVfgBkl7gc</latexit>

mass dimensions: 3

parity properties: 7

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

mass dimensions: 3

parity properties: 3

<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

⇤
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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>

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

induced J

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

H = �µ ·B

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

S · p
<latexit sha1_base64="troHr8X2f9ylt07LKb2Js0IrSM8="></latexit>p
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Heuristic understanding
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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>

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

induced J

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

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

induced J

more 
abundant

less 
abundant

more 
abundant

less 
abundant

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

H = �µ ·B

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

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

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

implies: J / q2µ5B
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CME = in the presence of a chiral asymmetry, a magnetic field induces an electric current.  

CME recap
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<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>

JY = 2
⇡↵Y µY,5BY

<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 species i

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

µY,5(t) =
X

particles

gi"iY
2
i µi(t)



magnetogenesis
via chiral plasma instability
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Linearized field equations
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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
(cf, talks by Lorenzo & Rajeev)

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

0 = ḂY � ⌘Y r2BY � 2
⇡↵Y ⌘Y µY,5r⇥BY

<latexit sha1_base64="9cqs27Sv4y7D/DBvPNTE1d7I73M="></latexit>
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Chiral plasma instability
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Explore the dependence on wavenumber

CPI = tachyonic growth of a helical magnetic field due to the CME
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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
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Since either the R- or L-polarized modes grow, the resultant magnetic field is helical.  
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As the helicity grows, the chiral asymmetry is depleted:  

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

coherence length:

field strength:
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(We will validate these estimates using MHD simulations.)
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Magnetogenesis
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Typical scales

If µY5/T >~ 10-3 then the CPI develops before chiral charge erasure.
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A maximally-helical field co-evolves with the plasma subject to the turbulent inverse-cascade:
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The field today is expected to be
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The relic of the 
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is an intergalactic 
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Einstein’s equation
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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. 4.1.2 for the 0.75-m interferometer and the holometer experiment, Sect. 4.2.1
for the optically levitated sensors, Sect. 4.2.2 for 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. 4.2.9 the 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
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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 ΩGWh2

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 |µ̃Y,5|/T ≈ 1, seems far out of reach.
g. Baryon number overproduction. The pres-

ence of a helical hypermagnetic field 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]. Specifically, the conversion of
a hypermagnetic field into an electromagnetic field at the
electroweak epoch at Tphys ≈ 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 field strength is too large. Avoidance of this
baryon-number overproduction imposes an upper bound
of |µ̃Y,5|/T <∼ 10−2 [48]. This bound is somewhat uncer-
tain as the baryon production calculation depends on a
detailed modeling of magnetic field 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 field
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 field. Several properties
of the plasma are relevant to the evolution: the magnetic
diffusivity (for simplicity here and below we suppress the
subscript “Y ”) η(t) = 1/σ(t), the kinematic viscosity
ν(t), the chiral diffusion coefficient D5(t), the chiral de-
pletion parameter λ(t), and the chiral chemical potential
µ50 ≡ µ5(x, 0) = 2αµ̃5/π that enters as an initial condi-
tion. One can calculate σ, η, ν, and D5 from first princi-
ples using Standard Model particle physics. The hyper-
charge conductivity is predicted to be σ ∼ T/α ≈ 100T
[50] implying η ≈ 0.01T−1, and we assume for simplicity
η = ν = D5. The chiral depletion parameter λ arises
from the Standard Model chiral anomalies, and past
studies have obtained the prediction λ = 192α2/T 2 ≃
0.02T−2 [25, 51]. The initial chiral chemical potential
can be written as µ50 ≈ (6 × 10−6 T )(µ̃5/T/10−3) by
fiducializing to µ̃5/T = 10−3.
Given the limited dynamic range of numerical simula-

tions, it is not possible to set the parameters, η, ν, D5,

λ, and µ50, equal to the Standard Model predictions.
Instead we consider sets of simulations with different pa-
rameters. They can be distinguished by the relative or-
dering of the characteristic quantities vλ = µ50/(Ecrλ)1/2
and vµ = µ50η. We consider runs in regimes I (where
vλ > vµ) and II (where vλ < vµ).
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 field
B(x, t), the energy density of the plasma ρ(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 + η(µ5B − J), (5)

∂µ5

∂t
= −∇ · (µ5u)− λη(µ5B − J) ·B +D5∇2µ5, (6)

Du

Dt
=

2

ρ
∇ · (ρνS)−

1

4
∇ ln ρ+

u

3
(∇ · u+ u ·∇ ln ρ)

−
u

ρ

[

u · (J ×B) + ηJ2
]

+
3

4ρ
J ×B, (7)

∂ ln ρ

∂t
= −

4

3
(∇ · u+ u ·∇ ln ρ)

+
1

ρ

[

u · (J ×B) + ηJ2
]

, (8)

where Sij = (∂jui + ∂iuj)/2− δij∇ ·u/3 are the compo-
nents of the rate-of-strain tensor. We solve Eqs (5)–(8)
using the Pencil Code [52], which is a massively par-
allel MHD code using sixth-order finite differences and a
third-order time stepping scheme.
For discussion of the simulation results, we employ

“code units.” Times are measured in units of t∗ = 1/H∗,
lengths in units of l∗ = c/H∗, and energies in units of
E∗ = Ecr,∗l3∗. Setting h̄ = c = kB = 1 we define
H∗ by the relation H∗ =

√

(8πG/3)(π2/30)(g∗T 4
∗ /a

2
∗)

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

∂2

∂t2
h̃+/×(k, t) + k2h̃+/×(k, t) =

6H∗

t Ecr
T̃+/×(k, t), (9)

where h̃+/× = e
+/×
ij (PilPjm − 1

2PijPlm) h̃lm(k, t) are the

Fourier-transformed + and × modes of h, with e
+
ij(k) =

e1i e
1
j − e2i e

2
j and e

×
ij(k) = e1i e

2
j + e2i e

1
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) = δij − kikj is the projection operator. T̃+/× are
defined 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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frequencies of ∼ 10−9–10−7 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 ΩGWh2

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 |µ̃Y,5|/T ≈ 1, seems far out of reach.
g. Baryon number overproduction. The pres-

ence of a helical hypermagnetic field 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]. Specifically, the conversion of
a hypermagnetic field into an electromagnetic field at the
electroweak epoch at Tphys ≈ 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 field strength is too large. Avoidance of this
baryon-number overproduction imposes an upper bound
of |µ̃Y,5|/T <∼ 10−2 [48]. This bound is somewhat uncer-
tain as the baryon production calculation depends on a
detailed modeling of magnetic field 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 field
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 field. Several properties
of the plasma are relevant to the evolution: the magnetic
diffusivity (for simplicity here and below we suppress the
subscript “Y ”) η(t) = 1/σ(t), the kinematic viscosity
ν(t), the chiral diffusion coefficient D5(t), the chiral de-
pletion parameter λ(t), and the chiral chemical potential
µ50 ≡ µ5(x, 0) = 2αµ̃5/π that enters as an initial condi-
tion. One can calculate σ, η, ν, and D5 from first princi-
ples using Standard Model particle physics. The hyper-
charge conductivity is predicted to be σ ∼ T/α ≈ 100T
[50] implying η ≈ 0.01T−1, and we assume for simplicity
η = ν = D5. The chiral depletion parameter λ arises
from the Standard Model chiral anomalies, and past
studies have obtained the prediction λ = 192α2/T 2 ≃

0.02T−2 [25, 51]. The initial chiral chemical potential
can be written as µ50 ≈ (6 × 10−6 T )(µ̃5/T/10−3) by
fiducializing to µ̃5/T = 10−3.
Given the limited dynamic range of numerical simula-

tions, it is not possible to set the parameters, η, ν, D5,
λ, and µ50, equal to the Standard Model predictions.
Instead we consider sets of simulations with different pa-
rameters. They can be distinguished by the relative or-
dering of the characteristic quantities vλ = µ50/(Ecrλ)1/2
and vµ = µ50η. We consider runs in regimes I (where
vλ > vµ) and II (where vλ < vµ).
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 field
B(x, t), the energy density of the plasma ρ(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 + η(µ5B − J), (5)

∂µ5

∂t
= −∇ · (µ5u)− λη(µ5B − J) ·B +D5∇2µ5, (6)

Du

Dt
=

2

ρ
∇ · (ρνS)−

1

4
∇ ln ρ+

u

3
(∇ · u+ u ·∇ ln ρ)

−
u

ρ

[

u · (J ×B) + ηJ2
]

+
3

4ρ
J ×B, (7)

∂ ln ρ

∂t
= −

4

3
(∇ · u+ u ·∇ ln ρ)

+
1

ρ

[

u · (J ×B) + ηJ2
]

, (8)

where Sij = (∂jui + ∂iuj)/2− δij∇ ·u/3 are the compo-
nents of the rate-of-strain tensor. We solve Eqs (5)–(8)
using the Pencil Code [52], which is a massively par-
allel MHD code using sixth-order finite differences and a
third-order time stepping scheme.
For discussion of the simulation results, we employ

“code units.” Times are measured in units of t∗ = 1/H∗,
lengths in units of l∗ = c/H∗, and energies in units of
E∗ = Ecr,∗l3∗. Setting h̄ = c = kB = 1 we define
H∗ by the relation H∗ =

√

(8πG/3)(π2/30)(g∗T 4
∗ /a

2
∗)

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

∂2

∂t2
h̃+/×(k, t) + k2h̃+/×(k, t) =

6H∗

t Ecr
T̃+/×(k, t), (9)

where h̃+/× = e
+/×
ij (PilPjm − 1

2
PijPlm) h̃lm(k, t) are the

Fourier-transformed + and × modes of h, with e
+
ij(k) =

e1i e
1
j − e2i e

2
j and e

×
ij(k) = e1i e

2
j + e2i e

1
j being the lin-

ear polarization basis, e1 and e2 are unit vectors per-
pendicular to k and perpendicular to each other, and

magnetic diffusivity

kinematic viscosity

chiral diffusion coeff.

rescaled chem. pot.

chiral depletion param.
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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 η2 = ηY /(0.01T−1) and µ3 = µ̃Y,5/10

−3T .

Run ηH∗ (Ecrλ)
1/2/H∗ µ50/H∗ vµ vλ ηµ2

50/H∗ k1/H∗ E
max
M /Ecr E

sat
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 10−15η2 6× 1012 5× 107µ3 6× 10−8η2µ3 8× 10−6µ3 3η2µ2
3 — 6× 10−15µ2

3 7× 10−39η2
2µ

6
3 —

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

k1/H∗ = 103 (Run Y3, blue), 2 × 103 (Run Y2, orange),
and 5 × 103 (Run Y1, red), with λ = 49 × 1022H2

∗/Ecr,∗ and
η = 5 × 10−8H−1

∗ with H0 = 100 h0 kms−1 Mpc−1. Run X4
with with λ = 1020H2

∗/Ecr,∗ and again η = 5 × 10−8H−1
∗ is

shown as the black line for reference.

1 kHz, but this value would increase with increasing val-
ues of µ50, beyond the value of 106H∗ adopted here. The
fiducial value of µ̃Y,5 = 10−3T in Eq. (4) corresponds to
µ50 ≈ 5× 107H∗, and since the simulations presented in
Fig. 2 have µ50 = 106H∗, the gravitational wave frequen-
cies are proportionally smaller.
Earlier work showed that Esat

GW grows approximately
linearly with η and was proportional to (Ecrλ)−5/2, which
leads to the combined dependence [12]

Esat
GW/Ecr ≈ 6× 10−8 v5λvµ, (11)

which implies that Esat
GW ∝ µ6

50. In Fig. 3, we plot Esat
GW

versus v5λvµ for Runs X1–X4 and Y1–Y3. We see that
Eq. (11) agrees reasonably well with our numerical data.

FIG. 3: Dependence of E sat
GW on v5λvµ 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 of vλ (here vλ = 10−4

instead of 0.5 for the old runs of Series B) and vµ (here
vµ = 5 × 10−5 instead of 10−2, which was their smallest
value). This has been achieved by having kcpi 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 h|B(x, t)|2i =

Z
d3k

(2⇡)3
PB(k) =

Z
dk

k

k3

2⇡2
PB(k)

| {z }
= dEM/d ln k

=

Z
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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Grav wave frequency spectrum today
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Run X4:  k1/H* = 5 x 103

Run Y3:  k1/H* = 103

• a high-frequency & low amplitude

• UV end of the spectrum suffers from 
numerical instability (that depends on the k1, 
highest wavenumber on the lattice)

Run Y2:  k1/H* = 2 x 103

Run Y1:  k1/H* = 5 x 103
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Comparision w/ previous studies
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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:  hY.

(see the table on prev. slide)

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

Scaling with vl5 vµ from earlier 
work, confirmed over wider range.
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B-number overproduction
& an upper bound on µY5

cf., Kohei & Kyohei’s talks
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Sourcing baryon number
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Varying hypermagnetic helicity sources B and L-number
<latexit sha1_base64="xsfMtmsdcbkzoUXcM9IlAS+gBZ0="></latexit>

@µj
µ
B = @µj

µ
L = 3

g2

16⇡2
W aW̃ a � 3

g02

16⇡2
Y Ỹ

At the EW crossover, there is a change in helicity when the BY field converts to Bem
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ṅB = ṅL = �3
g02

4⇡2
ḢY + · · ·

è  this could explain the matter/antimatter asymmetry!
è  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
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Kamada & AL (2016)

time evolution
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Sensitivity to the EW crossover

42

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

43

[Domcke, Kamada, Mukaida, Schmitz, Yamada (2022)]
cf., Kyohei’s talk
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A narrow viable window for early universe CPI 



the end of it all
(exotic nucleon decay)
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Symmetry Breaking through Bell-Jackiw Anomalies*

G. 't Hooftt
Department of Physics ~ Harvard University, Cambridge, Massachusetts 02138

{Received 22 March 1976)

In models of fermions coupled to gauge fields certain current-conservation laws are vio-
lated by Bell- Jackiw anomalies. In perturbation theory the total charge corresponding to
such currents seems to be still conserved, but here it is shown that nonperturbative ef-
fects can give rise to interactions that violate the charge conservation. One consequence
is baryon and lepton number nonconservation in V -A gauge theories with charm. Another
is the nonvanishing mass squared of the g.

+~~ ~~ +p

then the topological quantum number is
n = (g'/32~') fG„,'G„„'d'x,

with
a~pv 2~ pvnacng

(2)

n is an integer for all field configurations in Eu-
clidean space that have the vacuum (or a gauge
transformation thereof) at the boundary. In Min-
kowsky space n would be i times an integer (if we
take d'x and e»„ to be real and A„B/Bx, imagi-
nary).
The solution with n = I in Euclidean space is

~,( ),1 2 1I,„v(x -xn)'
g (x-x,)'+Z'' (4)

Here, x, is free because of translation invariance
and ~ is a free scale parameter; g is a tensor
that maps antisymmetric representations of SO(4)
onto vectors of one of its two invariant subgroups

When one attempts to construct a realistic mod-
el of nature one is often confronted with the dif-
ficulty that most simple models have too much
symmetry. Many symmetries in nature are slight-
ly broken, which leads to, for instance, the lep-
ton and quark masses, and CI' violation. Here I
propose to consider a new source of symmetry
breaking: the Bell- Jackiw anomaly.
My starting point is the solution of classical

field equations given by Belavin et al. in four-
dimensional (4D) Euclidean gauge-field theories.
The solution is obtained from the vacuum by map-
ping SU(2) gauge transformations onto a large
sphere in Euclidean space. Taking the new,
gauge-rotated, vacuum as a boundary condition,
they obtain a nontrivial solution inside the sphere,
characterized by a topological quantum number.
If the Lagrangian is

SO(3):

Qattv ealtv ( t l"t ~ I t 2i 3) y

q,a„=-5,„(a,v =1,2, 3),
1atta hyatt (at t" I & 2~ 3) t

Thus isospin is linked to one of the SO(3) sub-
groups of SO(4). The solution has

S =fZ(a") dax = S"/—g'. (6)
Since we have a 4D rotational symmetry, the so-
lution is not only localized in three-space, but al-
so instantaneous in time. I shall refer to such ob-
jects as "Euclidean-gauge solitons, "' EGS for
short.
There is a simple heuristic argument that ex-

plains why these solutions of the Euclidean field
equations are relevant for describing a tunneling
mechanism in real (Minkowsky) space-time, from
one vacuum state to a gauge-rotated vacuum (a
gauge rotation that cannot be obtained via a series
of infinitesimal gauge rotations). Consider an or-
dinary quantum mechanical system with a poten-
tial barrier V larger than the available energy E,
which I put equal to zero. Then the leading expo-
nential of the tunneling amplitude is exp(- Jpdx),
with

p /2nz=V-E.
This corresponds to the classical equations of
motion, except for a sign difference. Thus the
leading exponential is obtained by replacing in the
equations of motion t by it and computing the ac-
tion S for a path from one to the other vacuum.
[Note that both in Euclidean and in Minkowsky
space the gauge group is the compact group SU(2).]
Suppose now that we have in addition N mass-

less fermion doublets coupled to the gauge field:
E

g fet minn g qt D qt
t= j.
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E(f') ~~jy Egg 1P ~ ~ ~ PNP

where Pi;&'= P, aI,&', and (, is the zero-"energy"
solution for any Qavor, and a(;)' are coefficients.
Thus

det(M, +J) =TIE&,~-det fg, ~ J~( x)gP x
(~)
"
xo(,*(,d'x) '. (21)

Substituting the known form of P„Eq. (19), we
find that Eq. (21) goes like

P(x; -x,) 'J(x, )
for large distances, and only the 1-y, part of J~
is selected out. We ask now for an effective ver-
tex that could mimic the same amplitude (neglect-
ing the finite size of the EGS) and we find
8'"=Cg 'exp(- Sr'/g')Z~+H c. (22)

where Zf is a 2N fermion interaction that has the
chiral transformation properties of

de@'(1+y, )g'
but the isospin indices are arranged in a more
general way. The factor

is exactly reproduced by the 2N propagators that
connect the sources with the EGS (Fig. 1).
Note that the sources have to switch chirality.

This explains why the instanton gives 4Q'=2¹
I have found that the constant in Eq. (22) can be
computed analytically to zeroth order in g. The
calculation is lengthy and will be discussed in a
separate publication.

detM, = 0, and the amplitude (13) vanishes. I in-
terpret this result as being a consequence of Eq.
(12): We must not sandwich the functional inte-
gral expression between two vacuum states, be-
cause the initial and final chiral charges Q' should
be different.
Let us now insert a source term (,. 'J&„&

into the Lagrangian, where J(x) may contain fla-
vor indices and y matrices, but must be gauge
invariant. Now the lowest eigenvalues will be-
come different from zero:

M,g(;)' +J~(x)(i;) =E,(;)g(;)', i = 1, . . .,N. (20)

Using lowest-order perturbation expansion we
find that

INSTANTON

Xo

J(x2)

FIG. 1. The case of three flavors. The sources J
turn the axial charge Q into —Q for each flavor. The
amplitude goes like Js.

&F.'=AM = I,
hu +Adc

AN'+6s =3,
(24)

where E is the electron number, M is the muon
number, and u, u', d, and s are the numbers
of the corresponding (Cabibbo rotated) quarks.
Thus, because of the Cabibbo rotation, a proton
and a neutron (two baryons equal six quarks) may
annihilate to form two antileptons, one of elec-
tron and one of muon type.
The factors exp(- 16m /g22) = exp(- 4m && 137

x sin 8~) in the cross sections and lifetimes will
make none of the predicted effects observable if
the Weinberg angle is not very small.
In a color gauge theory for strong interactions

with two massless quark triplets, Eq. (22) is an
effective four-fermion interaction with exactly

The integration over the collective coordinate
xo& in Eq. (16) simply implies that the effective
action is Eq. (22) integrated over space and time,
so that we get energy-momentum conservation.
The integration over X is finite if the Callan-
Symanzik P function for g is negative and if also
the ir divergence is cut off by the Higgs mecha-
nism.
A notable application is the case of the Wein-

berg-Salam SU(2) U(1) model in an often cited
form. The leptons are e„, (v~', e~), p„, (v~,
p,~); and the quarks are

+B ~ +B ~ ( L& L
( )

QB ~ SB y (Q~ s 8~ )
where x denotes red, yellow, or blue, and C de-
notes Cabibbo rotation. All currents that are
coupled to gauge fields are anomaly free, hence
the model is renormalizable. But the baryon and
lepton currents have anomalies. We find that one
Euclidean-gauge soliton gives
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L = 3
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16⇡2
W aW̃ a � 3

g02

16⇡2
Y Ỹ

What are the “observable” consequences of 
Standard Model anomalous B- and L-number 

violation?  Does it lead to proton decay?  

Since DB = +-3, proton decay is kinematically blocked.  
But the deuteron (D=pn) will decay.
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u
<latexit sha1_base64="Oo73tpUzjg3r46lXCdVI/TZzJFE=">AAACW3iclVDLSgMxFE2nPupYtVVcuQkWwVVnRgRdSUEXboQK9gFtKZk004bmMSQZdRjmI9zql7nwX0wfCysKeiFwOA/OzQ1jRrXx/feCU1xb39gsbbnb5Z3dvUp1v61lojBpYcmk6oZIE0YFaRlqGOnGiiAeMtIJp9czvfNIlKZSPJg0JgOOxoJGFCNjqU7WDzlM8mGlFtT9+cDfQQ0spzmsFq76I4kTToTBDGndC/zYDDKkDMWM5G4/0SRGeIrGpGehQJzoQTbfN4cnlhnBSCr7hIFz9msiQ1zrlIfWyZGZ6O/ajPxJ6yUmuhxkVMSJIQIviqKEQSPh7PNwRBXBhqUWIKyo3RXiCVIIG3uilRavpS3lITFS5IlJMfZulIxD+ezdUY09ni6NOv9fzBZxm3H/dvH2WT3w68H9ea3RWN6+BI7AMTgFAbgADXALmqAFMJiCF/AK3gofTtFxnfLC6hSWmQOwMs7hJ9YYtmo=</latexit><latexit sha1_base64="Oo73tpUzjg3r46lXCdVI/TZzJFE=">AAACW3iclVDLSgMxFE2nPupYtVVcuQkWwVVnRgRdSUEXboQK9gFtKZk004bmMSQZdRjmI9zql7nwX0wfCysKeiFwOA/OzQ1jRrXx/feCU1xb39gsbbnb5Z3dvUp1v61lojBpYcmk6oZIE0YFaRlqGOnGiiAeMtIJp9czvfNIlKZSPJg0JgOOxoJGFCNjqU7WDzlM8mGlFtT9+cDfQQ0spzmsFq76I4kTToTBDGndC/zYDDKkDMWM5G4/0SRGeIrGpGehQJzoQTbfN4cnlhnBSCr7hIFz9msiQ1zrlIfWyZGZ6O/ajPxJ6yUmuhxkVMSJIQIviqKEQSPh7PNwRBXBhqUWIKyo3RXiCVIIG3uilRavpS3lITFS5IlJMfZulIxD+ezdUY09ni6NOv9fzBZxm3H/dvH2WT3w68H9ea3RWN6+BI7AMTgFAbgADXALmqAFMJiCF/AK3gofTtFxnfLC6hSWmQOwMs7hJ9YYtmo=</latexit><latexit sha1_base64="Oo73tpUzjg3r46lXCdVI/TZzJFE=">AAACW3iclVDLSgMxFE2nPupYtVVcuQkWwVVnRgRdSUEXboQK9gFtKZk004bmMSQZdRjmI9zql7nwX0wfCysKeiFwOA/OzQ1jRrXx/feCU1xb39gsbbnb5Z3dvUp1v61lojBpYcmk6oZIE0YFaRlqGOnGiiAeMtIJp9czvfNIlKZSPJg0JgOOxoJGFCNjqU7WDzlM8mGlFtT9+cDfQQ0spzmsFq76I4kTToTBDGndC/zYDDKkDMWM5G4/0SRGeIrGpGehQJzoQTbfN4cnlhnBSCr7hIFz9msiQ1zrlIfWyZGZ6O/ajPxJ6yUmuhxkVMSJIQIviqKEQSPh7PNwRBXBhqUWIKyo3RXiCVIIG3uilRavpS3lITFS5IlJMfZulIxD+ezdUY09ni6NOv9fzBZxm3H/dvH2WT3w68H9ea3RWN6+BI7AMTgFAbgADXALmqAFMJiCF/AK3gofTtFxnfLC6hSWmQOwMs7hJ9YYtmo=</latexit><latexit sha1_base64="Oo73tpUzjg3r46lXCdVI/TZzJFE=">AAACW3iclVDLSgMxFE2nPupYtVVcuQkWwVVnRgRdSUEXboQK9gFtKZk004bmMSQZdRjmI9zql7nwX0wfCysKeiFwOA/OzQ1jRrXx/feCU1xb39gsbbnb5Z3dvUp1v61lojBpYcmk6oZIE0YFaRlqGOnGiiAeMtIJp9czvfNIlKZSPJg0JgOOxoJGFCNjqU7WDzlM8mGlFtT9+cDfQQ0spzmsFq76I4kTToTBDGndC/zYDDKkDMWM5G4/0SRGeIrGpGehQJzoQTbfN4cnlhnBSCr7hIFz9msiQ1zrlIfWyZGZ6O/ajPxJ6yUmuhxkVMSJIQIviqKEQSPh7PNwRBXBhqUWIKyo3RXiCVIIG3uilRavpS3lITFS5IlJMfZulIxD+ezdUY09ni6NOv9fzBZxm3H/dvH2WT3w68H9ea3RWN6+BI7AMTgFAbgADXALmqAFMJiCF/AK3gofTtFxnfLC6hSWmQOwMs7hJ9YYtmo=</latexit>

d
<latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit>

d
<latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit>

d
<latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit><latexit sha1_base64="WLqg/p9xHsb2Po3ggRiD1bSFk+s=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4B2KJlM2obmMSQZtQzzEW71y1z4L6btLKwo6IXA4Tw4NzeMGdXG894LTnFtfWOztFXeruzs7lVr+x0tE4VJG0smVS9EmjAqSNtQw0gvVgTxkJFuOL2e691HojSV4sHMYhJwNBZ0RDEyluqmg5DDKBtW637DWwz8HdRBPq1hrXA1iCROOBEGM6R13/diE6RIGYoZycqDRJMY4Skak76FAnGig3SxbwZPLBPBkVT2CQMX7NdEirjWMx5aJ0dmor9rc/InrZ+Y0WWQUhEnhgi8LBolDBoJ55+HEVUEGzazAGFF7a4QT5BC2NgTrbS4bW0pF4lIkScmxdi9UTIO5bN7RzV2+Sw36ux/MVvEbab8t4t3zhq+1/Dvz+vNZn77EjgCx+AU+OACNMEtaIE2wGAKXsAreCt8OEWn7FSWVqeQZw7AyjiHn7UGtlk=</latexit>

p̄
<latexit sha1_base64="WCGFt5xAJENcfdr0MaUx6Yu1KHE=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgShNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmGXus4=</latexit><latexit sha1_base64="WCGFt5xAJENcfdr0MaUx6Yu1KHE=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgShNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmGXus4=</latexit><latexit sha1_base64="WCGFt5xAJENcfdr0MaUx6Yu1KHE=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgShNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmGXus4=</latexit><latexit sha1_base64="WCGFt5xAJENcfdr0MaUx6Yu1KHE=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgShNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmGXus4=</latexit>
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<latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit><latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit><latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit><latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit>
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<latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit>
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<latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit>
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<latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit>

ē
<latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit>

⌫̄e
<latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit>

e
<latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit><latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit><latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit><latexit sha1_base64="/DJUB3eR2IgDB+5x9Hd7l5iHdUs=">AAACW3iclVDLSgMxFE2nPmqt2iqu3ASL4KozI4KupKALN0IF+4C2lEx624bmMSQZtQz9CLf6ZS78F9PHwoqCXggczoNzc6OYM2OD4D3jZdfWNzZzW/ntws7uXrG03zAq0RTqVHGlWxExwJmEumWWQyvWQETEoRmNr2d68xG0YUo+2EkMXUGGkg0YJdZRzbQTCQzTXrEcVoL54N9BGS2n1itlrjp9RRMB0lJOjGmHQWy7KdGWUQ7TfCcxEBM6JkNoOyiJANNN5/tO8Ylj+nigtHvS4jn7NZESYcxERM4piB2Z79qM/ElrJ3Zw2U2ZjBMLki6KBgnHVuHZ53GfaaCWTxwgVDO3K6Yjogm17kQrLX7dOMonsq/hiSs59G+0iiP17N8xQ30xWRrN9H8xVyRcJv+3izfOKmFQCe/Py9Xq8vY5dISO0SkK0QWqoltUQ3VE0Ri9oFf0lvnwsl7eKyysXmaZOUAr4x1+Arb4tlo=</latexit>

⌫̄e
<latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit>

⌫e
<latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit>

ē
<latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit>

⌫e
<latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit><latexit sha1_base64="tbECDn9LwiNUDlfQS8Y+Xq5t2Xo=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG7LpDsFkGXdYjmsBNPBv4Mymk2tW8pdtHuKJgKkpZwY0wqD2HZSoi2jHLJCOzEQEzoiA2g5KIkA00mnv2f4yDE93FfarbR4yn5NpEQYMxaRcwpih+a7NiF/0lqJ7Z93UibjxIKkn4f6CcdW4UkRuMc0UMvHDhCqmfsV0yHRhFpX19wVv24c5RPZ0/DIlRz4V1rFkXryb5ihvhjPjCb7X8wdEi5T+FvjjZNKGFTC29NytTrrPo/20SE6RiE6Q1V0jWqojih6RM/oBb3m3r0tb9fb+7R6uVlmB82Nd/ABZfe60A==</latexit>

ē
<latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit><latexit sha1_base64="bZp5BybmqLmT1PVpDtyXTK7zM6c=">AAACZ3iclVBbSwJBFB63m9lNCyLoZUqCntzdCOophHroJTBIE1Rkdjzq4FyWmdlKlv0pvdZv6if0LxrNh4yCOnDg47twDl8Uc2ZsELzlvIXFpeWV/GphbX1jc6tY2m4YlWgKdaq40s2IGOBMQt0yy6EZayAi4nAfjS4n+v0DaMOUvLPjGDqCDCTrM0qso7rFUtqOBG5HRE8BZFm3WA4rwXTw76CMZlPrlnIX7Z6iiQBpKSfGtMIgtp2UaMsoh6zQTgzEhI7IAFoOSiLAdNLp7xk+ckwP95V2Ky2esl8TKRHGjEXknILYofmuTciftFZi++edlMk4sSDp56F+wrFVeFIE7jEN1PKxA4Rq5n7FdEg0odbVNXfFrxtH+UT2NDxyJQf+lVZxpJ78G2aoL8Yzo8n+F3OHhMsU/tZ446QSBpXw9rRcrc66z6N9dIiOUYjOUBVdoxqqI4oe0TN6Qa+5d2/L2/X2Pq1ebpbZQXPjHXwATCa6ww==</latexit>

⌫̄e
<latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit><latexit sha1_base64="6oLnfjxd9Ac/qWTCU0ovf9zw6wQ="></latexit>

⌫̄µ
<latexit sha1_base64="ZiSntjOltw8v0qTebyfIxBv84sE="></latexit><latexit sha1_base64="ZiSntjOltw8v0qTebyfIxBv84sE="></latexit><latexit sha1_base64="ZiSntjOltw8v0qTebyfIxBv84sE="></latexit><latexit sha1_base64="ZiSntjOltw8v0qTebyfIxBv84sE="></latexit>⌫̄⌧

<latexit sha1_base64="2yk6ohRTLC/NZ+fe94VN0fC5NA8="></latexit><latexit sha1_base64="2yk6ohRTLC/NZ+fe94VN0fC5NA8="></latexit><latexit sha1_base64="2yk6ohRTLC/NZ+fe94VN0fC5NA8="></latexit><latexit sha1_base64="2yk6ohRTLC/NZ+fe94VN0fC5NA8="></latexit>

c̄
<latexit sha1_base64="nMmgdKuZrG2BTKTk4IL5/PstPhM=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZymvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AUhAusE=</latexit><latexit sha1_base64="nMmgdKuZrG2BTKTk4IL5/PstPhM=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZymvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AUhAusE=</latexit><latexit sha1_base64="nMmgdKuZrG2BTKTk4IL5/PstPhM=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZymvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AUhAusE=</latexit><latexit sha1_base64="nMmgdKuZrG2BTKTk4IL5/PstPhM=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZymvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AUhAusE=</latexit>

s̄
<latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit><latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit><latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit><latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit>

s̄
<latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit><latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit><latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit><latexit sha1_base64="zz52YEUF3bzB5VVyAS3z/a+RiiY=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZ2mvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWdwutE=</latexit>

t̄
<latexit sha1_base64="D+Ofj8ZXY2iP1SvZBuUwGK6Vzp4=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZOmvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWljutI=</latexit><latexit sha1_base64="D+Ofj8ZXY2iP1SvZBuUwGK6Vzp4=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZOmvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWljutI=</latexit><latexit sha1_base64="D+Ofj8ZXY2iP1SvZBuUwGK6Vzp4=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZOmvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWljutI=</latexit><latexit sha1_base64="D+Ofj8ZXY2iP1SvZBuUwGK6Vzp4=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVAZOmvWI5qPjZwN9BGSym1is5152+xDEnwmCGtG4HfmS6CVKGYkbSfCfWJEJ4jIakbaFAnOhukv2ewlPL9OFAKrvCwIz9mkgQ13rKQ+vkyIz0d21G/qS1YzO46iZURLEhAs8PDWIGjYSzImCfKoINm1qAsKL2V4hHSCFsbF1LV7y6tpSHRF+RCZNi6N0qGYXy2bunGnt8ujDq9H8xe4jbTP5vjTfOK4FfCR4uytXqovscOAIn4AwE4BJUwR2ogTrAYAJewCt4cz7cgnvgHs6trrPI7IOlcY8/AWljutI=</latexit>

b̄
<latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit><latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit><latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit><latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit>

b̄
<latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit><latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit><latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit><latexit sha1_base64="+39d6lhzszn8mro3NEjrhz6y270=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKUmatqF5DEnGWob5FLf6TX6Cf2H6WFhR0AsXDufBvRwccWZsELxnvJXVtfWN7GZua3tnN18o7tWNijWhNaK40k2MDOVM0pplltNmpCkSmNMGHt1M9cYT1YYp+WgnEe0INJCszwiyjuoWikkbC9jGSM8ATtNuoRSWg9nA30EJLKbaLWau2z1FYkGlJRwZ0wqDyHYSpC0jnKa5dmxohMgIDWjLQYkENZ1k9nsKTx3Tg32l3UoLZ+zXRIKEMROBnVMgOzTftSn5k9aKbf+qkzAZxZZKMj/Ujzm0Ck6LgD2mKbF84gAimrlfIRkijYh1dS1d8WvGUT6SPU3HXMmBf6tVhNWzf88M8cVkYTTp/2LukHCZ3N8ar5+Xw6AcPlyUKpVF91lwBE7AGQjBJaiAO1AFNUDAGLyAV/CW+fDy3oF3OLd6mUVmHyyNd/wJRk26wA==</latexit>

electroweak
instanton ū

<latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit><latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit><latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit><latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit>

ū
<latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit><latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit><latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit><latexit sha1_base64="fWeSbrLQ7zRicFastvapA9roySo=">AAACZ3iclVDLSgMxFM2Mr1ofbRVEcBMtgqvOjAi6koIu3AgV7APaUjJp2obmMSQZaxnmU9zqN/kJ/oXptAsrCnrhwuE8uJcTRoxq4/vvjruyura+kdvMb23v7BaKpb2GlrHCpI4lk6oVIk0YFaRuqGGkFSmCeMhIMxzfzPTmE1GaSvFophHpcjQUdEAxMpbqFUtJJ+SwEyKVgThNe8VyUPGzgb+DMlhMrVdyrjt9iWNOhMEMad0O/Mh0E6QMxYyk+U6sSYTwGA1J20KBONHdJPs9haeW6cOBVHaFgRn7NZEgrvWUh9bJkRnp79qM/Elrx2Zw1U2oiGJDBJ4fGsQMGglnRcA+VQQbNrUAYUXtrxCPkELY2LqWrnh1bSkPib4iEybF0LtVMgrls3dPNfb4dGHU6f9i9hC3mfzfGm+cVwK/EjxclKvVRfc5cAROwBkIwCWogjtQA3WAwQS8gFfw5ny4BffAPZxbXWeR2QdL4x5/AmtWutM=</latexit>

d̄
<latexit sha1_base64="e5BgL39G0peeqkREXfztvON4GBs=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKZlM2obmMSQZ6zDMp7jVb/IT/AvTx8KKgl64cDgP7uUEEaPaeN57zllZXVvfyG8WtrZ3doul8l5Ty1hh0sCSSdUOkCaMCtIw1DDSjhRBPGCkFYxvpnrriShNpXg0SUR6HA0FHVCMjKX6pXLaDTjsBkjNQJhl/VLFr3qzgb+DClhMvV/OXXdDiWNOhMEMad3xvcj0UqQMxYxkhW6sSYTwGA1Jx0KBONG9dPZ7Bk8tE8KBVHaFgTP2ayJFXOuEB9bJkRnp79qU/EnrxGZw1UupiGJDBJ4fGsQMGgmnRcCQKoINSyxAWFH7K8QjpBA2tq6lK25DW8pFIlRkwqQYurdKRoF8du+pxi5PFkad/S9mD3GbKfyt8eZ51feq/sNFpVZbdJ8HR+AEnAEfXIIauAN10AAYTMALeAVvuQ+n6Bw4h3Ork1tk9sHSOMefSjO6wg==</latexit><latexit sha1_base64="e5BgL39G0peeqkREXfztvON4GBs=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKZlM2obmMSQZ6zDMp7jVb/IT/AvTx8KKgl64cDgP7uUEEaPaeN57zllZXVvfyG8WtrZ3doul8l5Ty1hh0sCSSdUOkCaMCtIw1DDSjhRBPGCkFYxvpnrriShNpXg0SUR6HA0FHVCMjKX6pXLaDTjsBkjNQJhl/VLFr3qzgb+DClhMvV/OXXdDiWNOhMEMad3xvcj0UqQMxYxkhW6sSYTwGA1Jx0KBONG9dPZ7Bk8tE8KBVHaFgTP2ayJFXOuEB9bJkRnp79qU/EnrxGZw1UupiGJDBJ4fGsQMGgmnRcCQKoINSyxAWFH7K8QjpBA2tq6lK25DW8pFIlRkwqQYurdKRoF8du+pxi5PFkad/S9mD3GbKfyt8eZ51feq/sNFpVZbdJ8HR+AEnAEfXIIauAN10AAYTMALeAVvuQ+n6Bw4h3Ork1tk9sHSOMefSjO6wg==</latexit><latexit sha1_base64="e5BgL39G0peeqkREXfztvON4GBs=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKZlM2obmMSQZ6zDMp7jVb/IT/AvTx8KKgl64cDgP7uUEEaPaeN57zllZXVvfyG8WtrZ3doul8l5Ty1hh0sCSSdUOkCaMCtIw1DDSjhRBPGCkFYxvpnrriShNpXg0SUR6HA0FHVCMjKX6pXLaDTjsBkjNQJhl/VLFr3qzgb+DClhMvV/OXXdDiWNOhMEMad3xvcj0UqQMxYxkhW6sSYTwGA1Jx0KBONG9dPZ7Bk8tE8KBVHaFgTP2ayJFXOuEB9bJkRnp79qU/EnrxGZw1UupiGJDBJ4fGsQMGgmnRcCQKoINSyxAWFH7K8QjpBA2tq6lK25DW8pFIlRkwqQYurdKRoF8du+pxi5PFkad/S9mD3GbKfyt8eZ51feq/sNFpVZbdJ8HR+AEnAEfXIIauAN10AAYTMALeAVvuQ+n6Bw4h3Ork1tk9sHSOMefSjO6wg==</latexit><latexit sha1_base64="e5BgL39G0peeqkREXfztvON4GBs=">AAACZ3iclVDLSgMxFE3HV62PtgoiuIkWwVVnRgRdSUEXboQK9gFtKZlM2obmMSQZ6zDMp7jVb/IT/AvTx8KKgl64cDgP7uUEEaPaeN57zllZXVvfyG8WtrZ3doul8l5Ty1hh0sCSSdUOkCaMCtIw1DDSjhRBPGCkFYxvpnrriShNpXg0SUR6HA0FHVCMjKX6pXLaDTjsBkjNQJhl/VLFr3qzgb+DClhMvV/OXXdDiWNOhMEMad3xvcj0UqQMxYxkhW6sSYTwGA1Jx0KBONG9dPZ7Bk8tE8KBVHaFgTP2ayJFXOuEB9bJkRnp79qU/EnrxGZw1UupiGJDBJ4fGsQMGgmnRcCQKoINSyxAWFH7K8QjpBA2tq6lK25DW8pFIlRkwqQYurdKRoF8du+pxi5PFkad/S9mD3GbKfyt8eZ51feq/sNFpVZbdJ8HR+AEnAEfXIIauAN10AAYTMALeAVvuQ+n6Bw4h3Ork1tk9sHSOMefSjO6wg==</latexit>
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W+
<latexit sha1_base64="um0aMUZ+Mh2l4v0Z51K3s1tbZ6s=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSBIG7G0GeQqhDl8AgtVCT2XHUwflYZmarZfFXdK0f1qm/0qh7yCioFwYeng+ed94gZFQbz3vPOCur2bX13EZ+s7BV3C6Vd1paRgqTJpZMqrsAacKoIE1DDSN3oSKIB4y0g8nFTG8/EqWpFLcmDkmPo5GgQ4qRsdR90g04bD8cT/ulil/15gN/BxWQTqNfzpx3BxJHnAiDGdK643uh6SVIGYoZmea7kSYhwhM0Ih0LBeJE95L5xlN4aJkBHEplnzBwzn5NJIhrHfPAOjkyY/1dm5E/aZ3IDGu9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/5rRSr6W3z4F9cACOgA/OQB1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQLzObbh</latexit><latexit sha1_base64="um0aMUZ+Mh2l4v0Z51K3s1tbZ6s=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSBIG7G0GeQqhDl8AgtVCT2XHUwflYZmarZfFXdK0f1qm/0qh7yCioFwYeng+ed94gZFQbz3vPOCur2bX13EZ+s7BV3C6Vd1paRgqTJpZMqrsAacKoIE1DDSN3oSKIB4y0g8nFTG8/EqWpFLcmDkmPo5GgQ4qRsdR90g04bD8cT/ulil/15gN/BxWQTqNfzpx3BxJHnAiDGdK643uh6SVIGYoZmea7kSYhwhM0Ih0LBeJE95L5xlN4aJkBHEplnzBwzn5NJIhrHfPAOjkyY/1dm5E/aZ3IDGu9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/5rRSr6W3z4F9cACOgA/OQB1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQLzObbh</latexit><latexit sha1_base64="um0aMUZ+Mh2l4v0Z51K3s1tbZ6s=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSBIG7G0GeQqhDl8AgtVCT2XHUwflYZmarZfFXdK0f1qm/0qh7yCioFwYeng+ed94gZFQbz3vPOCur2bX13EZ+s7BV3C6Vd1paRgqTJpZMqrsAacKoIE1DDSN3oSKIB4y0g8nFTG8/EqWpFLcmDkmPo5GgQ4qRsdR90g04bD8cT/ulil/15gN/BxWQTqNfzpx3BxJHnAiDGdK643uh6SVIGYoZmea7kSYhwhM0Ih0LBeJE95L5xlN4aJkBHEplnzBwzn5NJIhrHfPAOjkyY/1dm5E/aZ3IDGu9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/5rRSr6W3z4F9cACOgA/OQB1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQLzObbh</latexit><latexit sha1_base64="um0aMUZ+Mh2l4v0Z51K3s1tbZ6s=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSBIG7G0GeQqhDl8AgtVCT2XHUwflYZmarZfFXdK0f1qm/0qh7yCioFwYeng+ed94gZFQbz3vPOCur2bX13EZ+s7BV3C6Vd1paRgqTJpZMqrsAacKoIE1DDSN3oSKIB4y0g8nFTG8/EqWpFLcmDkmPo5GgQ4qRsdR90g04bD8cT/ulil/15gN/BxWQTqNfzpx3BxJHnAiDGdK643uh6SVIGYoZmea7kSYhwhM0Ih0LBeJE95L5xlN4aJkBHEplnzBwzn5NJIhrHfPAOjkyY/1dm5E/aZ3IDGu9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/5rRSr6W3z4F9cACOgA/OQB1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQLzObbh</latexit>

Standard Model deuteron decay



D ! ⌫̄e + ⌫̄µ + ⌫̄⌧ + p̄+ 4ē+ 2e+ 4⌫e + 2⌫̄e
<latexit sha1_base64="bijCzUblZP8XtJkCUzwKQj8rspI="></latexit><latexit sha1_base64="bijCzUblZP8XtJkCUzwKQj8rspI="></latexit><latexit sha1_base64="bijCzUblZP8XtJkCUzwKQj8rspI="></latexit><latexit sha1_base64="bijCzUblZP8XtJkCUzwKQj8rspI="></latexit>

⇣
�Q = 0 , �B = �3 , �L = �3

⌘

<latexit sha1_base64="CIyhrHYNfLpkI+aszmd0e2C0wFw="></latexit><latexit sha1_base64="CIyhrHYNfLpkI+aszmd0e2C0wFw="></latexit><latexit sha1_base64="CIyhrHYNfLpkI+aszmd0e2C0wFw="></latexit><latexit sha1_base64="CIyhrHYNfLpkI+aszmd0e2C0wFw="></latexit>

A very rough rate estimate …
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<latexit sha1_base64="IDIRD6PbKb2boOd21vv2kPiSOPQ="></latexit><latexit sha1_base64="IDIRD6PbKb2boOd21vv2kPiSOPQ="></latexit><latexit sha1_base64="IDIRD6PbKb2boOd21vv2kPiSOPQ="></latexit><latexit sha1_base64="IDIRD6PbKb2boOd21vv2kPiSOPQ="></latexit>

⌧D ⇠ 10184 yr
<latexit sha1_base64="Nluwmk3Do30bNXXvjGyIG9wUE0M="></latexit><latexit sha1_base64="Nluwmk3Do30bNXXvjGyIG9wUE0M="></latexit><latexit sha1_base64="Nluwmk3Do30bNXXvjGyIG9wUE0M="></latexit><latexit sha1_base64="Nluwmk3Do30bNXXvjGyIG9wUE0M="></latexit>

An immensely rough rate estimate



It all 
decays!

Heavier nuclei are not safe either!



1 yr
<latexit sha1_base64="HwxCKddmT1xNZP/P4uF4BMXrfIg=">AAACWXiclVDLSgMxFM2Mr1pfrV26CRbBhXRmRNCVFHThRqjgtIV2KJk0bYN5DElGHYZ+g1v9NPFnTNtZWFHQC4HDeXBubpwwqo3vvzvuyura+kZps7y1vbO7V6nut7VMFSYhlkyqbow0YVSQ0FDDSDdRBPGYkU78cDXTO49EaSrFvckSEnE0FnREMTKWCgPYz9SgUg8a/nzg76AOimkNqs5lfyhxyokwmCGte4GfmChHylDMyLTcTzVJEH5AY9KzUCBOdJTPt53CI8sM4Ugq+4SBc/ZrIkdc64zH1smRmejv2oz8SeulZnQR5VQkqSECL4pGKYNGwtnX4ZAqgg3LLEBYUbsrxBOkEDb2QEstXqgt5SExVOSJSTH2rpVMYvns3VKNPZ4VRj39X8wWcZsp/+3i7dNG4DeCu7N686S4fQkcgENwDAJwDprgBrRACDCg4AW8gjfnw3XcklteWF2nyNTA0ri1T1BFtSI=</latexit><latexit sha1_base64="HwxCKddmT1xNZP/P4uF4BMXrfIg=">AAACWXiclVDLSgMxFM2Mr1pfrV26CRbBhXRmRNCVFHThRqjgtIV2KJk0bYN5DElGHYZ+g1v9NPFnTNtZWFHQC4HDeXBubpwwqo3vvzvuyura+kZps7y1vbO7V6nut7VMFSYhlkyqbow0YVSQ0FDDSDdRBPGYkU78cDXTO49EaSrFvckSEnE0FnREMTKWCgPYz9SgUg8a/nzg76AOimkNqs5lfyhxyokwmCGte4GfmChHylDMyLTcTzVJEH5AY9KzUCBOdJTPt53CI8sM4Ugq+4SBc/ZrIkdc64zH1smRmejv2oz8SeulZnQR5VQkqSECL4pGKYNGwtnX4ZAqgg3LLEBYUbsrxBOkEDb2QEstXqgt5SExVOSJSTH2rpVMYvns3VKNPZ4VRj39X8wWcZsp/+3i7dNG4DeCu7N686S4fQkcgENwDAJwDprgBrRACDCg4AW8gjfnw3XcklteWF2nyNTA0ri1T1BFtSI=</latexit><latexit sha1_base64="HwxCKddmT1xNZP/P4uF4BMXrfIg=">AAACWXiclVDLSgMxFM2Mr1pfrV26CRbBhXRmRNCVFHThRqjgtIV2KJk0bYN5DElGHYZ+g1v9NPFnTNtZWFHQC4HDeXBubpwwqo3vvzvuyura+kZps7y1vbO7V6nut7VMFSYhlkyqbow0YVSQ0FDDSDdRBPGYkU78cDXTO49EaSrFvckSEnE0FnREMTKWCgPYz9SgUg8a/nzg76AOimkNqs5lfyhxyokwmCGte4GfmChHylDMyLTcTzVJEH5AY9KzUCBOdJTPt53CI8sM4Ugq+4SBc/ZrIkdc64zH1smRmejv2oz8SeulZnQR5VQkqSECL4pGKYNGwtnX4ZAqgg3LLEBYUbsrxBOkEDb2QEstXqgt5SExVOSJSTH2rpVMYvns3VKNPZ4VRj39X8wWcZsp/+3i7dNG4DeCu7N686S4fQkcgENwDAJwDprgBrRACDCg4AW8gjfnw3XcklteWF2nyNTA0ri1T1BFtSI=</latexit><latexit sha1_base64="HwxCKddmT1xNZP/P4uF4BMXrfIg=">AAACWXiclVDLSgMxFM2Mr1pfrV26CRbBhXRmRNCVFHThRqjgtIV2KJk0bYN5DElGHYZ+g1v9NPFnTNtZWFHQC4HDeXBubpwwqo3vvzvuyura+kZps7y1vbO7V6nut7VMFSYhlkyqbow0YVSQ0FDDSDdRBPGYkU78cDXTO49EaSrFvckSEnE0FnREMTKWCgPYz9SgUg8a/nzg76AOimkNqs5lfyhxyokwmCGte4GfmChHylDMyLTcTzVJEH5AY9KzUCBOdJTPt53CI8sM4Ugq+4SBc/ZrIkdc64zH1smRmejv2oz8SeulZnQR5VQkqSECL4pGKYNGwtnX4ZAqgg3LLEBYUbsrxBOkEDb2QEstXqgt5SExVOSJSTH2rpVMYvns3VKNPZ4VRj39X8wWcZsp/+3i7dNG4DeCu7N686S4fQkcgENwDAJwDprgBrRACDCg4AW8gjfnw3XcklteWF2nyNTA0ri1T1BFtSI=</latexit>

10160 yr
<latexit sha1_base64="zfXiIs/+YWq2V8GTTMio1q0SmcU=">AAACYHiclVDJSgNBFOyMW4xLEr3ppTEIHiQzI6KeJKAHL0IEs0BmDD2dTtKkl6G7Rx2G/IZX/S2vfomd5WBEQR88KOpVUY+KYka18bz3nLO0vLK6ll8vbGxubRdL5Z2mlonCpIElk6odIU0YFaRhqGGkHSuCeMRIKxpdTe6tR6I0leLepDEJORoI2qcYGUsFvveQ+WfeGAap6pYqftWbDvwdVMB86t1y7jLoSZxwIgxmSOuO78UmzJAyFDMyLgSJJjHCIzQgHQsF4kSH2fTpMTy0TA/2pbIrDJyyXx0Z4lqnPLJKjsxQf79NyJ9uncT0L8KMijgxROBZUD9h0Eg4aQD2qCLYsNQChBW1v0I8RAphY3taSHEb2lIuEj1FnpgUA/dayTiSz+4t1djl6Vyox/+z2SBuPYW/Nd48qfpe1b87rdSO593nwT44AEfAB+egBm5AHTQABjF4Aa/gLffh5J2iU55JndzcswsWxtn7BIBSt4U=</latexit><latexit sha1_base64="zfXiIs/+YWq2V8GTTMio1q0SmcU=">AAACYHiclVDJSgNBFOyMW4xLEr3ppTEIHiQzI6KeJKAHL0IEs0BmDD2dTtKkl6G7Rx2G/IZX/S2vfomd5WBEQR88KOpVUY+KYka18bz3nLO0vLK6ll8vbGxubRdL5Z2mlonCpIElk6odIU0YFaRhqGGkHSuCeMRIKxpdTe6tR6I0leLepDEJORoI2qcYGUsFvveQ+WfeGAap6pYqftWbDvwdVMB86t1y7jLoSZxwIgxmSOuO78UmzJAyFDMyLgSJJjHCIzQgHQsF4kSH2fTpMTy0TA/2pbIrDJyyXx0Z4lqnPLJKjsxQf79NyJ9uncT0L8KMijgxROBZUD9h0Eg4aQD2qCLYsNQChBW1v0I8RAphY3taSHEb2lIuEj1FnpgUA/dayTiSz+4t1djl6Vyox/+z2SBuPYW/Nd48qfpe1b87rdSO593nwT44AEfAB+egBm5AHTQABjF4Aa/gLffh5J2iU55JndzcswsWxtn7BIBSt4U=</latexit><latexit sha1_base64="zfXiIs/+YWq2V8GTTMio1q0SmcU=">AAACYHiclVDJSgNBFOyMW4xLEr3ppTEIHiQzI6KeJKAHL0IEs0BmDD2dTtKkl6G7Rx2G/IZX/S2vfomd5WBEQR88KOpVUY+KYka18bz3nLO0vLK6ll8vbGxubRdL5Z2mlonCpIElk6odIU0YFaRhqGGkHSuCeMRIKxpdTe6tR6I0leLepDEJORoI2qcYGUsFvveQ+WfeGAap6pYqftWbDvwdVMB86t1y7jLoSZxwIgxmSOuO78UmzJAyFDMyLgSJJjHCIzQgHQsF4kSH2fTpMTy0TA/2pbIrDJyyXx0Z4lqnPLJKjsxQf79NyJ9uncT0L8KMijgxROBZUD9h0Eg4aQD2qCLYsNQChBW1v0I8RAphY3taSHEb2lIuEj1FnpgUA/dayTiSz+4t1djl6Vyox/+z2SBuPYW/Nd48qfpe1b87rdSO593nwT44AEfAB+egBm5AHTQABjF4Aa/gLffh5J2iU55JndzcswsWxtn7BIBSt4U=</latexit><latexit sha1_base64="zfXiIs/+YWq2V8GTTMio1q0SmcU=">AAACYHiclVDJSgNBFOyMW4xLEr3ppTEIHiQzI6KeJKAHL0IEs0BmDD2dTtKkl6G7Rx2G/IZX/S2vfomd5WBEQR88KOpVUY+KYka18bz3nLO0vLK6ll8vbGxubRdL5Z2mlonCpIElk6odIU0YFaRhqGGkHSuCeMRIKxpdTe6tR6I0leLepDEJORoI2qcYGUsFvveQ+WfeGAap6pYqftWbDvwdVMB86t1y7jLoSZxwIgxmSOuO78UmzJAyFDMyLgSJJjHCIzQgHQsF4kSH2fTpMTy0TA/2pbIrDJyyXx0Z4lqnPLJKjsxQf79NyJ9uncT0L8KMijgxROBZUD9h0Eg4aQD2qCLYsNQChBW1v0I8RAphY3taSHEb2lIuEj1FnpgUA/dayTiSz+4t1djl6Vyox/+z2SBuPYW/Nd48qfpe1b87rdSO593nwT44AEfAB+egBm5AHTQABjF4Aa/gLffh5J2iU55JndzcswsWxtn7BIBSt4U=</latexit>

10140
<latexit sha1_base64="8YQyAkkT9SXMezj2XFewyZAYbtE=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3N4Q6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/plapH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKIwrYe</latexit><latexit sha1_base64="8YQyAkkT9SXMezj2XFewyZAYbtE=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3N4Q6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/plapH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKIwrYe</latexit><latexit sha1_base64="8YQyAkkT9SXMezj2XFewyZAYbtE=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3N4Q6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/plapH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKIwrYe</latexit><latexit sha1_base64="8YQyAkkT9SXMezj2XFewyZAYbtE=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3N4Q6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t466Tqe1X/plapH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKIwrYe</latexit>

10120
<latexit sha1_base64="QhSREBHOltMTMMER081cxZux20Y=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3V4I6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t4q1b1vap/c1KpH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKE2rYc</latexit><latexit sha1_base64="QhSREBHOltMTMMER081cxZux20Y=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3V4I6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t4q1b1vap/c1KpH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKE2rYc</latexit><latexit sha1_base64="QhSREBHOltMTMMER081cxZux20Y=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3V4I6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t4q1b1vap/c1KpH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKE2rYc</latexit><latexit sha1_base64="QhSREBHOltMTMMER081cxZux20Y=">AAACXXiclVBNSwJBGB63LDMzrUOHLkMSdAh3V4I6hVCHLoFBaqEms+Oog/OxzMxWy+Kv6Fo/rFN/pVH3kFFQLww8PB8877xByKg2nveecVZWs2vruY38ZmGruF0q77S0jBQmTSyZVHcB0oRRQZqGGkbuQkUQDxhpB5OLmd5+JEpTKW5NHJIeRyNBhxQjY6l733tI/Jo3hf1Sxa9684G/gwpIp9EvZ867A4kjToTBDGnd8b3Q9BKkDMWMTPPdSJMQ4QkakY6FAnGie8l84yk8tMwADqWyTxg4Z78mEsS1jnlgnRyZsf6uzciftE5khme9hIowMkTgRdEwYtBIOPs+HFBFsGGxBQgraneFeIwUwsYeaanFbWpLuUgMFHliUozcSyXDQD6711Rjl8epUU//F7NF3Gbyf7t4q1b1vap/c1KpH6e3z4F9cACOgA9OQR1cgQZoAgw4eAGv4C3z4WSdglNcWJ1MmtkFS+PsfQKE2rYc</latexit>

10100
<latexit sha1_base64="TS2COL7pv/RU28b5DZF0T8d1d/M=">AAACXXiclVDLSgMxFE1Hq7XW2urChZtgEVxIZ0YEXUlBF26ECvYh7VgymbQNzWNIMmoZ+hVu9cNc+Sumj4UVBb0QOJwH5+aGMaPaeN57xllZza6t5zbym4Wt4napvNPUMlGYNLBkUrVDpAmjgjQMNYy0Y0UQDxlphaPLqd56JEpTKe7MOCYBRwNB+xQjY6l733tIfc+bwF6p4le92cDfQQUspt4rZy66kcQJJ8JghrTu+F5sghQpQzEjk3w30SRGeIQGpGOhQJzoIJ1tPIGHlolgXyr7hIEz9msiRVzrMQ+tkyMz1N+1KfmT1klM/zxIqYgTQwSeF/UTBo2E0+/DiCqCDRtbgLCidleIh0ghbOyRllrchraUi0SkyBOTYuBeKRmH8tm9oRq7fLww6sn/YraI20z+bxdvnlR9r+rfnlZqx4vb58A+OABHwAdnoAauQR00AAYcvIBX8Jb5cLJOwSnOrU5mkdkFS+PsfQKA8rYa</latexit><latexit sha1_base64="TS2COL7pv/RU28b5DZF0T8d1d/M=">AAACXXiclVDLSgMxFE1Hq7XW2urChZtgEVxIZ0YEXUlBF26ECvYh7VgymbQNzWNIMmoZ+hVu9cNc+Sumj4UVBb0QOJwH5+aGMaPaeN57xllZza6t5zbym4Wt4napvNPUMlGYNLBkUrVDpAmjgjQMNYy0Y0UQDxlphaPLqd56JEpTKe7MOCYBRwNB+xQjY6l733tIfc+bwF6p4le92cDfQQUspt4rZy66kcQJJ8JghrTu+F5sghQpQzEjk3w30SRGeIQGpGOhQJzoIJ1tPIGHlolgXyr7hIEz9msiRVzrMQ+tkyMz1N+1KfmT1klM/zxIqYgTQwSeF/UTBo2E0+/DiCqCDRtbgLCidleIh0ghbOyRllrchraUi0SkyBOTYuBeKRmH8tm9oRq7fLww6sn/YraI20z+bxdvnlR9r+rfnlZqx4vb58A+OABHwAdnoAauQR00AAYcvIBX8Jb5cLJOwSnOrU5mkdkFS+PsfQKA8rYa</latexit><latexit sha1_base64="TS2COL7pv/RU28b5DZF0T8d1d/M=">AAACXXiclVDLSgMxFE1Hq7XW2urChZtgEVxIZ0YEXUlBF26ECvYh7VgymbQNzWNIMmoZ+hVu9cNc+Sumj4UVBb0QOJwH5+aGMaPaeN57xllZza6t5zbym4Wt4napvNPUMlGYNLBkUrVDpAmjgjQMNYy0Y0UQDxlphaPLqd56JEpTKe7MOCYBRwNB+xQjY6l733tIfc+bwF6p4le92cDfQQUspt4rZy66kcQJJ8JghrTu+F5sghQpQzEjk3w30SRGeIQGpGOhQJzoIJ1tPIGHlolgXyr7hIEz9msiRVzrMQ+tkyMz1N+1KfmT1klM/zxIqYgTQwSeF/UTBo2E0+/DiCqCDRtbgLCidleIh0ghbOyRllrchraUi0SkyBOTYuBeKRmH8tm9oRq7fLww6sn/YraI20z+bxdvnlR9r+rfnlZqx4vb58A+OABHwAdnoAauQR00AAYcvIBX8Jb5cLJOwSnOrU5mkdkFS+PsfQKA8rYa</latexit><latexit sha1_base64="TS2COL7pv/RU28b5DZF0T8d1d/M=">AAACXXiclVDLSgMxFE1Hq7XW2urChZtgEVxIZ0YEXUlBF26ECvYh7VgymbQNzWNIMmoZ+hVu9cNc+Sumj4UVBb0QOJwH5+aGMaPaeN57xllZza6t5zbym4Wt4napvNPUMlGYNLBkUrVDpAmjgjQMNYy0Y0UQDxlphaPLqd56JEpTKe7MOCYBRwNB+xQjY6l733tIfc+bwF6p4le92cDfQQUspt4rZy66kcQJJ8JghrTu+F5sghQpQzEjk3w30SRGeIQGpGOhQJzoIJ1tPIGHlolgXyr7hIEz9msiRVzrMQ+tkyMz1N+1KfmT1klM/zxIqYgTQwSeF/UTBo2E0+/DiCqCDRtbgLCidleIh0ghbOyRllrchraUi0SkyBOTYuBeKRmH8tm9oRq7fLww6sn/YraI20z+bxdvnlR9r+rfnlZqx4vb58A+OABHwAdnoAauQR00AAYcvIBX8Jb5cLJOwSnOrU5mkdkFS+PsfQKA8rYa</latexit>

1080
<latexit sha1_base64="VuPympBeat7H0JrLMfgmv4bFA3I=">AAACXHiclVBNSwJBGB43K9MsLejSZUiCDuHuRpCnEOrQJTDID9BNZsdRB+djmZmtZPFPdK0/1qXf0qh7yCioFwYeng+ed94wYlQbz3vPOGvZ9Y3N3Fa+sF3c2S2V91paxgqTJpZMqk6INGFUkKahhpFOpAjiISPtcHI119uPRGkqxb2ZRiTgaCTokGJkLNXxvYek5s1gv1Txq95i4O+gAtJp9MuZy95A4pgTYTBDWnd9LzJBgpShmJFZvhdrEiE8QSPStVAgTnSQLBaewWPLDOBQKvuEgQv2ayJBXOspD62TIzPW37U5+ZPWjc2wFiRURLEhAi+LhjGDRsL57+GAKoINm1qAsKJ2V4jHSCFs7I1WWtymtpSLxECRJybFyL1WMgrls3tLNXb5NDXq2f9itojbTP5vF2+dVX2v6t+dV+qn6e1z4BAcgRPggwtQBzegAZoAAwZewCt4y3w4WafgFJdWJ5Nm9sHKOAefChS15w==</latexit><latexit sha1_base64="VuPympBeat7H0JrLMfgmv4bFA3I=">AAACXHiclVBNSwJBGB43K9MsLejSZUiCDuHuRpCnEOrQJTDID9BNZsdRB+djmZmtZPFPdK0/1qXf0qh7yCioFwYeng+ed94wYlQbz3vPOGvZ9Y3N3Fa+sF3c2S2V91paxgqTJpZMqk6INGFUkKahhpFOpAjiISPtcHI119uPRGkqxb2ZRiTgaCTokGJkLNXxvYek5s1gv1Txq95i4O+gAtJp9MuZy95A4pgTYTBDWnd9LzJBgpShmJFZvhdrEiE8QSPStVAgTnSQLBaewWPLDOBQKvuEgQv2ayJBXOspD62TIzPW37U5+ZPWjc2wFiRURLEhAi+LhjGDRsL57+GAKoINm1qAsKJ2V4jHSCFs7I1WWtymtpSLxECRJybFyL1WMgrls3tLNXb5NDXq2f9itojbTP5vF2+dVX2v6t+dV+qn6e1z4BAcgRPggwtQBzegAZoAAwZewCt4y3w4WafgFJdWJ5Nm9sHKOAefChS15w==</latexit><latexit sha1_base64="VuPympBeat7H0JrLMfgmv4bFA3I=">AAACXHiclVBNSwJBGB43K9MsLejSZUiCDuHuRpCnEOrQJTDID9BNZsdRB+djmZmtZPFPdK0/1qXf0qh7yCioFwYeng+ed94wYlQbz3vPOGvZ9Y3N3Fa+sF3c2S2V91paxgqTJpZMqk6INGFUkKahhpFOpAjiISPtcHI119uPRGkqxb2ZRiTgaCTokGJkLNXxvYek5s1gv1Txq95i4O+gAtJp9MuZy95A4pgTYTBDWnd9LzJBgpShmJFZvhdrEiE8QSPStVAgTnSQLBaewWPLDOBQKvuEgQv2ayJBXOspD62TIzPW37U5+ZPWjc2wFiRURLEhAi+LhjGDRsL57+GAKoINm1qAsKJ2V4jHSCFs7I1WWtymtpSLxECRJybFyL1WMgrls3tLNXb5NDXq2f9itojbTP5vF2+dVX2v6t+dV+qn6e1z4BAcgRPggwtQBzegAZoAAwZewCt4y3w4WafgFJdWJ5Nm9sHKOAefChS15w==</latexit><latexit sha1_base64="VuPympBeat7H0JrLMfgmv4bFA3I=">AAACXHiclVBNSwJBGB43K9MsLejSZUiCDuHuRpCnEOrQJTDID9BNZsdRB+djmZmtZPFPdK0/1qXf0qh7yCioFwYeng+ed94wYlQbz3vPOGvZ9Y3N3Fa+sF3c2S2V91paxgqTJpZMqk6INGFUkKahhpFOpAjiISPtcHI119uPRGkqxb2ZRiTgaCTokGJkLNXxvYek5s1gv1Txq95i4O+gAtJp9MuZy95A4pgTYTBDWnd9LzJBgpShmJFZvhdrEiE8QSPStVAgTnSQLBaewWPLDOBQKvuEgQv2ayJBXOspD62TIzPW37U5+ZPWjc2wFiRURLEhAi+LhjGDRsL57+GAKoINm1qAsKJ2V4jHSCFs7I1WWtymtpSLxECRJybFyL1WMgrls3tLNXb5NDXq2f9itojbTP5vF2+dVX2v6t+dV+qn6e1z4BAcgRPggwtQBzegAZoAAwZewCt4y3w4WafgFJdWJ5Nm9sHKOAefChS15w==</latexit>

1060
<latexit sha1_base64="t9KwelvWlvxdU7EYjCGBf7K+r64=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRERdSUEXboQKpi20sUym0zp0HmFmooaQj3CrX+bCf3H6WFhR0AsDh/Pg3LlRTInSnvdesIpLyyurpTV7vbyxuVWpbreUSCTCARJUyE4EFaaE40ATTXEnlhiyiOJ2NL6c6O1HLBUR/E6nMQ4ZHHEyJAhqQ7V97z479fJ+pebXvek4v4MamE+zXy1c9AYCJQxzjShUqut7sQ4zKDVBFOd2L1E4hmgMR7hrIIcMqzCb7ps7B4YZOEMhzePambJfExlkSqUsMk4G9YP6rk3In7RuoofnYUZ4nGjM0axomFBHC2fyeWdAJEaapgZAJInZ1UEPUEKkzYkWWtxAGcqFfCDxExV85F5JEUfi2b0hCrksnRtV/r+YKWImY//t4q3juu/V/duTWuNofvsS2AP74BD44Aw0wDVoggAgMAYv4BW8FT6somVb5ZnVKswzO2BhrN1PoIO1uw==</latexit><latexit sha1_base64="t9KwelvWlvxdU7EYjCGBf7K+r64=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRERdSUEXboQKpi20sUym0zp0HmFmooaQj3CrX+bCf3H6WFhR0AsDh/Pg3LlRTInSnvdesIpLyyurpTV7vbyxuVWpbreUSCTCARJUyE4EFaaE40ATTXEnlhiyiOJ2NL6c6O1HLBUR/E6nMQ4ZHHEyJAhqQ7V97z479fJ+pebXvek4v4MamE+zXy1c9AYCJQxzjShUqut7sQ4zKDVBFOd2L1E4hmgMR7hrIIcMqzCb7ps7B4YZOEMhzePambJfExlkSqUsMk4G9YP6rk3In7RuoofnYUZ4nGjM0axomFBHC2fyeWdAJEaapgZAJInZ1UEPUEKkzYkWWtxAGcqFfCDxExV85F5JEUfi2b0hCrksnRtV/r+YKWImY//t4q3juu/V/duTWuNofvsS2AP74BD44Aw0wDVoggAgMAYv4BW8FT6somVb5ZnVKswzO2BhrN1PoIO1uw==</latexit><latexit sha1_base64="t9KwelvWlvxdU7EYjCGBf7K+r64=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRERdSUEXboQKpi20sUym0zp0HmFmooaQj3CrX+bCf3H6WFhR0AsDh/Pg3LlRTInSnvdesIpLyyurpTV7vbyxuVWpbreUSCTCARJUyE4EFaaE40ATTXEnlhiyiOJ2NL6c6O1HLBUR/E6nMQ4ZHHEyJAhqQ7V97z479fJ+pebXvek4v4MamE+zXy1c9AYCJQxzjShUqut7sQ4zKDVBFOd2L1E4hmgMR7hrIIcMqzCb7ps7B4YZOEMhzePambJfExlkSqUsMk4G9YP6rk3In7RuoofnYUZ4nGjM0axomFBHC2fyeWdAJEaapgZAJInZ1UEPUEKkzYkWWtxAGcqFfCDxExV85F5JEUfi2b0hCrksnRtV/r+YKWImY//t4q3juu/V/duTWuNofvsS2AP74BD44Aw0wDVoggAgMAYv4BW8FT6somVb5ZnVKswzO2BhrN1PoIO1uw==</latexit><latexit sha1_base64="t9KwelvWlvxdU7EYjCGBf7K+r64=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRERdSUEXboQKpi20sUym0zp0HmFmooaQj3CrX+bCf3H6WFhR0AsDh/Pg3LlRTInSnvdesIpLyyurpTV7vbyxuVWpbreUSCTCARJUyE4EFaaE40ATTXEnlhiyiOJ2NL6c6O1HLBUR/E6nMQ4ZHHEyJAhqQ7V97z479fJ+pebXvek4v4MamE+zXy1c9AYCJQxzjShUqut7sQ4zKDVBFOd2L1E4hmgMR7hrIIcMqzCb7ps7B4YZOEMhzePambJfExlkSqUsMk4G9YP6rk3In7RuoofnYUZ4nGjM0axomFBHC2fyeWdAJEaapgZAJInZ1UEPUEKkzYkWWtxAGcqFfCDxExV85F5JEUfi2b0hCrksnRtV/r+YKWImY//t4q3juu/V/duTWuNofvsS2AP74BD44Aw0wDVoggAgMAYv4BW8FT6somVb5ZnVKswzO2BhrN1PoIO1uw==</latexit>1040

<latexit sha1_base64="+O5x89gXMtzTWG/PxnvyGfCeJ48=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRAq6koIu3AgVTFtoY5lMp3XoPMLMRC0hH+FWv8yF/+K0zcKKgl4YOJwH586NYkqU9rz3glVcWV1bL23Ym+Wt7Z1KdbetRCIRDpCgQnYjqDAlHAeaaIq7scSQRRR3osnlTO88YqmI4Hd6GuOQwTEnI4KgNlTH9+7ThpcNKjW/7s3H+R3UQD6tQbVw0R8KlDDMNaJQqZ7vxTpModQEUZzZ/UThGKIJHOOegRwyrMJ0vm/mHBlm6IyENI9rZ85+TaSQKTVlkXEyqB/Ud21G/qT1Ej06D1PC40RjjhZFo4Q6WjizzztDIjHSdGoARJKYXR30ACVE2pxoqcUNlKFcyIcSP1HBx+6VFHEknt0bopDLprlRZf+LmSJmMvbfLt4+rfte3b9t1Jon+e1L4AAcgmPggzPQBNegBQKAwAS8gFfwVviwipZtlRdWq5Bn9sDSWPufnJ21uQ==</latexit><latexit sha1_base64="+O5x89gXMtzTWG/PxnvyGfCeJ48=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRAq6koIu3AgVTFtoY5lMp3XoPMLMRC0hH+FWv8yF/+K0zcKKgl4YOJwH586NYkqU9rz3glVcWV1bL23Ym+Wt7Z1KdbetRCIRDpCgQnYjqDAlHAeaaIq7scSQRRR3osnlTO88YqmI4Hd6GuOQwTEnI4KgNlTH9+7ThpcNKjW/7s3H+R3UQD6tQbVw0R8KlDDMNaJQqZ7vxTpModQEUZzZ/UThGKIJHOOegRwyrMJ0vm/mHBlm6IyENI9rZ85+TaSQKTVlkXEyqB/Ud21G/qT1Ej06D1PC40RjjhZFo4Q6WjizzztDIjHSdGoARJKYXR30ACVE2pxoqcUNlKFcyIcSP1HBx+6VFHEknt0bopDLprlRZf+LmSJmMvbfLt4+rfte3b9t1Jon+e1L4AAcgmPggzPQBNegBQKAwAS8gFfwVviwipZtlRdWq5Bn9sDSWPufnJ21uQ==</latexit><latexit sha1_base64="+O5x89gXMtzTWG/PxnvyGfCeJ48=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRAq6koIu3AgVTFtoY5lMp3XoPMLMRC0hH+FWv8yF/+K0zcKKgl4YOJwH586NYkqU9rz3glVcWV1bL23Ym+Wt7Z1KdbetRCIRDpCgQnYjqDAlHAeaaIq7scSQRRR3osnlTO88YqmI4Hd6GuOQwTEnI4KgNlTH9+7ThpcNKjW/7s3H+R3UQD6tQbVw0R8KlDDMNaJQqZ7vxTpModQEUZzZ/UThGKIJHOOegRwyrMJ0vm/mHBlm6IyENI9rZ85+TaSQKTVlkXEyqB/Ud21G/qT1Ej06D1PC40RjjhZFo4Q6WjizzztDIjHSdGoARJKYXR30ACVE2pxoqcUNlKFcyIcSP1HBx+6VFHEknt0bopDLprlRZf+LmSJmMvbfLt4+rfte3b9t1Jon+e1L4AAcgmPggzPQBNegBQKAwAS8gFfwVviwipZtlRdWq5Bn9sDSWPufnJ21uQ==</latexit><latexit sha1_base64="+O5x89gXMtzTWG/PxnvyGfCeJ48=">AAACW3iclVDLSsNAFJ2mPmqs2iqu3ASL4EKaRAq6koIu3AgVTFtoY5lMp3XoPMLMRC0hH+FWv8yF/+K0zcKKgl4YOJwH586NYkqU9rz3glVcWV1bL23Ym+Wt7Z1KdbetRCIRDpCgQnYjqDAlHAeaaIq7scSQRRR3osnlTO88YqmI4Hd6GuOQwTEnI4KgNlTH9+7ThpcNKjW/7s3H+R3UQD6tQbVw0R8KlDDMNaJQqZ7vxTpModQEUZzZ/UThGKIJHOOegRwyrMJ0vm/mHBlm6IyENI9rZ85+TaSQKTVlkXEyqB/Ud21G/qT1Ej06D1PC40RjjhZFo4Q6WjizzztDIjHSdGoARJKYXR30ACVE2pxoqcUNlKFcyIcSP1HBx+6VFHEknt0bopDLprlRZf+LmSJmMvbfLt4+rfte3b9t1Jon+e1L4AAcgmPggzPQBNegBQKAwAS8gFfwVviwipZtlRdWq5Bn9sDSWPufnJ21uQ==</latexit>

1020
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What’s at the end of the cosmic timeline?
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grav waves from chiral plasma instability Andrew Long   (Rice University)

Summary
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CPI è  PMF è  GWs

• chiral plasma instability develops at TCPI > 80 TeV
• development of CPI leads to helical PMF and chiral GWs
• PMF could provide seeds for dynamo – cannot account for blazars
• GWs are high frequency and too weak to detect
• interesting to consider:  CPI after 80 TeV with a source
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grav waves from chiral plasma instability Andrew Long   (Rice University)

Stochastic B-field power spectra & energy
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TeV blazars
as a probe of the IGMF
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Gamma rays from TeV blazars develop an electromagnetic cascade by scattering 
on starlight (EBL) and cosmic microwave background (CMB) photons.  
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the blazar acquires a halo

the blazar halo becomes 
“twisted” by a helical IGMF

The presence of an IGMF deflects the cascade.  

[Aharonian, Coppi, & Voelk (1994);   Neronov & Semikoz (2006);   AL & Vachaspati (2016)]
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Ongoing experimental efforts … 

A halo is not observed è some of the IGMF parameter space is excluded: 

– 13 –

Source name z Γ Cutoff T [min] Nexcess σdetect p− value

Mrk 421 0.031 1.772±0.008 Y 2269 21388 185.3 0.19
Mrk 501 0.034 1.716±0.016 Y 1389 7339 94.8 0.38

VER J0521+211 0.108 1.923±0.024 Y 990 649 23.2 0.31

H 1426+428 0.129 1.575±0.085 Y 1586 659 7.6 0.95
1ES 0229+200 0.139 2.025±0.150 N 3634 810 10.3 0.30

1ES 1218+304 0.182 1.660±0.038 N 3481 3420 35.5 0.52
PG 1553+113 0.4-0.6 1.604±0.025 ? 4502 4852 46.0 0.003

Table 1: Source properties. Column 1: Source name. Column 2: Redshift. Column 3: Assumed

intrinsic spectral index (given by the Fermi–LAT measured index (Ackermann et al. 2015)). Col-

umn 4: Indication of presence of a intrinsic spectral cutoff or break. Column 5: Exposure time.

Column 6: Number of excess events. Column 7: VERITAS detection significance. Column 8:

Probability that the θ2 histograms in data and simulation are drawn from the same distribution.
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Fig. 1.— Comparison between the angular profiles of Mrk 501 and 1ES 1218+304 and their

simulated counterparts. The results of a χ2 probability test are shown in Table 1 for all sources.

6 J. Aleksić et al.: Search for an extended VHE gamma-ray emission from Mrk 421 and Mrk 501 with the MAGIC Telescope
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Fig. 8. Upper limit on the flux (E > 300 GeV) of the extended emission from Mrk 501 (left figure) and Mrk 421 (right figure) in
the C.U. for different source profiles and extensions dN/dθ ∝ θβ: 0◦ < θ < θcut: flat disk (β = 1) (blue triangles); 0.1◦ < θ < θcut:
β = −1 (red crosses). See more details in the text.
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Fig. 7. Comparison of the excess θ2 distribution for 38h of data
from Mrk 421 (red circles) and a point-like source (blue trian-
gles, 43h of Crab Nebula data) (upper panel) and the difference
of both distributions (lower panel).

We calculated the upper limits for the extension radii up to 0.3◦.
In this case there is no overlap between the signal and the back-
ground regions in the wobble mode observations. In fig. 8 we
present upper limits on the flux of the extended emission calcu-
lated for different extension radii and profiles for Mrk 501 (left
figure) and Mrk 421 (right).

Flux upper limits for an extended emission from Mrk 501
for different energy thresholds are shown in fig. 9. Depending on
the source profile the upper limit for the extension radius ∼ 0.2◦
ranges from ∼ 4%C.U. above 300 GeV to 6-7%C.U. above 1
TeV.
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Fig. 9. Upper limit (in C.U.) on the flux of the extended emission
from Mrk 501 for different energy thresholds, different source
profiles and extensions dN/dθ ∝ θβ: 0◦ < θ < θcut: flat (β = 1)
(dashed lines), 0.1◦ < θ < θcut, β = −1 (solid lines). Eth = 1000
GeV (red), 600 GeV (green) and 300 GeV (blue).

6. Discussion
As can be seen in fig. 8 the most stringent upper limits for the
halo search for Eγ ≃ 300 GeV are achieved for a source exten-
sion of 0.2◦ – 0.25◦ for Mrk 501 (4% C.U.) and 0.2◦ – 0.3◦ for
Mrk 421 (5% C.U.). We checked that the values of upper limits
for the emission profile dN/dθ ∝ θβ, 0.1◦ < θ < θcut, β = −2 or
β = 0 are nearly the same as for the case of β = −1.

For both sources, the best upper limits on the extended
source flux are at a level of about 30% of the quiescent point
source flux. Also, it is interesting to note that for an extension
size > 0.2◦ one can observe only a marginal dependence on the
emission profile. Extension sizes < 0.2◦, becoming comparable
to the telescope’s PSF, provide worse upper limits.

The non-detection of extended emission around Mrk 501
and Mrk 421 in the 0.3–1 TeV energy range imposes restric-
tions on the properties of the highest-energyγ-ray emission from
these sources and/or on the physical characteristics of the in-
tergalactic medium around the sources. Cascade photons with
an energy of Eγ ≃ 300 GeV result from absorption of the pri-

MAGIC (2010) HESS + Fermi-LAT (2014) VERITAS (2017)
Mkr 421

H.E.S.S. Collaboration et al.: Search for Extended Emission around AGN
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Fig. 4. Angular distribution of excess events of 1ES 1101-
232 (top), 1ES 0229+200 (middle) and the PKS 2155-
304 low state (bottom). The H.E.S.S. data (black points)
is plotted against the angular distribution of the magneti-
cally broadened cascade model for varying magnetic field
strengths. The red, violet and cyan lines correspond to
the maximum cascade flux for magnetic field strengths of
10�14, 10�15 and 10�16 G, simulated under the assumption
of the Franceschini et al. (2008) EBL model.
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Fig. 5. The 1ES 1101-232 (top), 1ES 0229+200 (middle)
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11

B0 ⇠ (0.3� 70)⇥ 10�15 G for �0 = 1Mpc
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On the horizon…

The Cherenkov Telescope Array (CTA) will 
dramatically improve the flux sensitivity & 
angular resolution (PSF). 

Implications for IGMF contraints:

59

11

Figure 5. Same as Figure 4 with �t < 10 yr but for the Finke et al. (2010) EBL model and ⌧max = 5 (top), and for the

Domı́nguez et al. (2011) EBL model with ⌧max = 4 (middle) and ⌧max = 6 (bottom).

delay of the cascade photons, such halos could still be
present even if the source already ceased its activity
(Neronov et al. 2010; Inoue et al. 2011) and could be
searched for the envisaged CTA extragalactic survey.
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Figure 1.1 – Comparisons of the performance of CTA with selected existing gamma-ray instruments. Top:
differential energy flux sensitivities for CTA (south and north) for five standard deviation detections in five
independent logarithmic bins per decade in energy. For the CTA sensitivities, additional criteria are applied to
require at least ten detected gamma rays per energy bin and a signal/background ratio of at least 1/20. The
curves for Fermi-LAT and HAWC are scaled by a factor of 1.2 to account for the different energy binning. The
curves shown give only an indicative comparison of the sensitivity of the different instruments, as the method
of calculation and the criteria applied are different. In particular, the definition of the differential sensitivity
for HAWC is rather different due to the lack of energy reconstruction for individual photons in the HAWC
analysis. Bottom: angular resolution expressed as the 68% containment radius of reconstructed gamma
rays (the resolution for CTA-North is similar). The sensitivity and angular resolution curves are based on the
following references: Fermi-LAT [1], HAWC [2], H.E.S.S. [3], MAGIC [4], and VERITAS [5]. The CTA curves
represent the understanding of the performance of CTA at the time of completion of this document; for the
latest CTA performance plots, see https://www.cta-observatory.org/science/cta-performance.
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Benchmark models (3, green).  Corresponding exclusions (blue).  

[Meyer, Conrad, & Dickinson (2016);   CTA Science Book (2017)]


