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i
In the primordial plasma, at temperatures above the scale of electroweak symmetry breaking, the presence equation

of chiral asymmetries is expected to induce the development of helical hypermagnetic fields through the

phenomenon of chiral plasma instability. It results in magnetohydrodynamic turbulence due to the high

conductivity and low viscosity and sources gravitational waves that survive in the universe today as a stochastic

polarized gravitational wave background. In this article, we show that this scenario only relies on Standard

Model physics, and therefore the observable signatures, namely the relic magnetic field and gravitational Chiral g rav-wave
background, are linked to a single parameter controlling the initial chiral asymmetry. We estimate the magnetic

field and gravitational wave spectra, and validate these estimates with 3D numerical simulations.
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the electroweak plasma
& particle asymmetries



Al Image Generator
“primordial

electroweak plasma”




Particle content of the universe

The Standard Model of the field content
Elementary Particles
electroweak unbroken phase Q= ur\ (3.2, 1)
@) =0 o\ o
< >i_ ur ~ (3,1, 43)
mass(W=,7Z) =0 dn~ (3,1, —2)
mass(quarks, leptons) = 0 y
L= ( L) ~ (1,2, -1)
€L
er~ (1,1, —2)
gauge theory G~ (8,1,0)
_ SU@3). x SU(2)r x U(1)y W~ (1,3,0)
QUARKS @ LEPTONS @ BOSONS @ HIGGS BOSON B N (1’ 17 O)
®~(1,2,1)

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



Standard Model Boltzmann Equations w/ Anomalous Sources
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Interactions & charge conservation

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

e.g., hypercharge ... no interaction can change this
ER Bu

ER R

& By

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

e.g., the Yukawa interactions change chiral charge

€L hypercharge  Y-chiral
P fort: Y=+1  1Y?=0
foreg:  Y=11 1y?=11
R 2
for eR: Y =42 lY<=14
(conserved) (violated)
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Chiral charge erasure

The approximately conserved charges tend to be erased over time.

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

chiral charge evolution chiral-erasure epoch

d —-
My s(t) = 1 () py s(t) ~1/2
: Tonys,t = (80 TeV) (10%;75)

interaction rate . 1/2
: -1 *

(1) ! 13" 10 2 y2T(t) Lohys,f = (3.7 x 10 SeC)(lo%.75)
1/6

an exponential decay: ar = (9-7 x 107 CLO) (10%’f75)

: ; 5

— l (1! —6 N2

Hy,5(t) = Hy,50 €Xp ! . dt' !¢ (1) dH physt ~ (2.2 X 107° cm) (10%_75)
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magnetic field evolution
& chiral magnetic effect



Evolution of hypermagnetic fields

How do hypermagnetic fields evolve in the primordial plasma?

constitutive relation
hyper-Maxwell equations

—_ ) 2n
oAl Jy =!y Ey+v! By + " vyUysBy
. aEY — Y \ v )| v )
11 I ~
' Ey =" By OhmOs Law chiral magnetic
, ff ME
| 4By =0 effect (CME)

| | By =Jy + - E
Y Y Tt—Y fine structure constant

ly = g“4/4" ! 1/10C
continuity equation conductivity magnetic diffusivity

=y +1 &y =0 'y I T/"y " 100T Iy =1/"y! 0.01T'*
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Chiral magnetic effect

First studied for a relativistic electron-positron plasma in QED.
CME = in the presence of a chiral asymmetry, a magnetic field induces an electric current.

From the symmetry perspective, the CME could be correct.

mass dimensions: !

parity properties: !

J = vector= P-odd

B = axial-vector= P-even

me = scalar= P-even

M5 = pseudo-scalar P-odc
Us ! # R-chiral " # L-chiral
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Semiclassical understanding

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

The magnetic dipole moment p ~ gS wants to align with B ... the Hamiltonianis: H = | Y abB

without chiral asymmetry

% iInducedJ

S 4
+ ap

Il

om) v
-
en e
—mpe
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Semiclassical understanding

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

The magnetic dipole moment p ~ gS wants to align with B ... the Hamiltonianis: H = | Y abB
without chiral asymmetry with chiral asymmetry
appliedB appliedB

Sap
et el oW )

.—»—> P
&'()*&)+
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4—»—.

$--%
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CME recap

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

for electromagnetism: J = IZ! usB
for hypercharge: Jy = IQ! v ly 5By
Uy 5(t) = IRAG)
particles

i = £ 1for R- and L-chiral particle

Yi = hypercharge of particle specik
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magnetogenesis
via chiral plasma instability



Linearized field equations

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

0=8BY ! Iy"?By ! &"vIyuys! #By

Move to Fourier space (and assume homogenous pys).

Circular polarization modes decouple

BJ(R) + 1y K2 sgn(uy,s) kcp|k B(R)
' where Kep) =

= B + 1y K2 +sgn(Hy,5) keek By

Depending on the sign of pys, one mode or the other can be unstable.
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Chiral plasma instability

Explore the dependence on wavenumber

=BV + 1y K21 kepk BYY

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

R
! kc2:P|/4 -T- ( )(t) I exp kC23P|t

| typically kcpy is deep inside the horizon

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

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

As the helicity grows, the chiral asyrnmetry is depleted:

- U " # n 1n #
!HJY,S! 6'2Y Y‘Ii # #—tny,5! T YﬁHM

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

helicity density: Hm cpi ! ——||J.Y 5|TCPI
coherence length: Im.cm ! 2" (Kepl 2)
field strength: Bcp ! Hwm col "M cpi
using __
(We will validate these estimates using MHD simulations.) | Mvs = ghv.sT
YY =1 4Ey 4By =4 - (Ay 4By) + 4é
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Magnetogenesis

Typical scales

! g PYett P11t Pl 2
acp ! 1.1" 1OI 188_0 10%—'75 00'1% lu:\L(b?léT
! "H $! ]/2# $# $2
Tonys.cr ! 72" 100 GeV 2 L,
! n# $3/3# $! 1# $! 2
On, ! 25" 10% cmag " g5d7s OOTyT lu{b‘?lg
| " $1/3# $! 1
Im ! 5.0" 10° Cmaé) 1 10%!.75 |“Ib§|éT
! "H $! 75
BCPI I 5.0" 10! 11 G a(z) 1096!,75 |u165|:{,-r
! "# $! 1# $2
'g,cp! 3.8" 10 10 10%!.75 l“Ibrr.’léT

If pys/T >~ 103 then the CPI develops before chiral charge erasure.
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Inverse cascade

A maximally-helical field co-evolves with the plasma subject to the turbulent inverse-cascade:

i 1 13 ’ i 2/ 3
rec rec _
Bo= Bcp — and !'so=!gcp — SO Hpg o= Hg cp

tCPI tCPI

The field today is expected to be

'm,phys,0 !t 957 10 T pc 15575 00T T B
! | n# 5. # | Sy H# . $y,
Bprys 0! 66" 10 ° G 0575 00T T %
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IGMF parameter space

| \\ "#$%&1&, The relic of the

_ O _():Jﬁ_ _ primordial magnetic field
IS an intergalactic

magnetic field today

of TeV blazars [

Y 4 ($2421'/51#012 | viable seeds for galactic dynamo
ya I"#$%& Y6 ()*("'$"+%,

. . . , | too weak to explain blazars

' " P1/3

N ‘acn 1A 4 ST
| -\_\ _____________ ! | "#l T $]/3
I I . \\ Bphys’o l 6.6" 10 16 G HJY_(')? 3
| I Q)QA ' |

I § * probed by

S

S RV #-/0123.18/() measurements

I 4

I
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grav -wave generation
& stochastic GW background



Einstein’s equation

The primordial magnetic field sources gravitational wave radiation

! tzhij " Zhij = 16" GTij
Tij ' BiBj (transverse /traceless p:
ng = 1l thij ! thij "/ (32" G)

h! (GB?)/!°?
Egw ! !'°h?/G ! G!°B*

parametrically:
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GW estimates

At the time of production

| | ,
fQW,CPI 2/ M, CPI there’s a 2 because the source

" I 2 2 4 . . .
Egw.cr " (G/2")acg ' v cpiBir is quadratic in the field

Frequency and cosmological energy fraction of stochastic GW today:

fgw,phys,o = :1! 10° Hz Clpy s|T T

10" 3
2 | | 39"# | $2#Iuv 5 |/T 5
(! gWh Jo= 7! 10 W 10" 3

The GW signal is high-frequency and very low amplitude (even for pys/T = 1)
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Searches for high-freq grav waves

-10

‘[ magnon

holometer

-15¢

EDGES
IAXO HET

-20} |_|

AXO
SPD

JURA

_OSOAR

ALPS I

IAXO

10

Q%% logyo(f/Hz)
. \{\0)
V4

15

20

SOURCES LEGEND

BBN bound

Inflation (extra-species)
Inflation (effective field theory)
Inflation (scalar perturbations)
Preheating

Oscillons

Phase transitions

Cosmic strings

Metastable strings

Gauge textures

Cosmic gravitational
microwave background

fgw,O

(! gwhz)o

he

using
| = ﬂ
" gwW 4G Eg
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numerical validation
WIith PENCIL CODE SIMS



MHD equations + CME

Fully nonlinear system of equations
((—T:U%B+!(M5B & J), (5)

(ﬁ = &! é(usu) & 9! (H5B &J)é.B + D5’ 2“5, (6)

Du 2 1 u
— = -1 a('# =l'In"+ - au+ua In’
Dt —1 S)&4 n 3( au+ud In")
ul , 3
&— uald %B)+ 1J° + 4—,J %B, (7)
(n" _ 20 au+ua In)
(t 3. | n

1!
+>= udd %B)+ 132, (8)

Sij :(!jui+!in)/2! "ij! au/ 3

6H- _
-F+ k,t,
= 14 (K, 1)

2
((?.+/#(k,t)+ k2ﬁ+/#(k,t):

magnetic diffusivity ]
kinematic viscosity i
chiral diffusion  coeff . D 5

rescaled chem. pot. M5

chiral depletion param. I

PENCIL CODE
parallelized
6th order finite differences
3rd order time-stepping
10243 mesh points
initially: weak seed field,
vanishing plasma velocity,
homogenous chem. pot.
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Parameters

Dynamic range issues prevent studying the “expected” parameters.

Run IH- (Ex")Y2/H - pso/H - Vi Vi luZo/H » ki/H - EI®/Ey 2 | Ey q
B1 1! 10 ° 21 10 10t 1! 10 2 51 10 ¥ 1! 107 1! 10> 16! 102 47! 10 '?2 0.027
BlO 1! 10°%® 2! 10 10* 1! 10 51 10 ' 1! 10° 1! 10° 6.0! 102 6.0! 10 ° 12
Al 1! 10° 51 10* 10* 1! 10 2 21 10 ¥ 11 107 1! 10 46! 103 89! 10 ** 0.032
Al2 5! 103 51 10 10* 51 10 21 10 * 51 100 5! 10' 9.2! 10 30! 10 18
X1 5! 108 1010 10° 51 10 2 11 104 5! 10 5! 10° 24! 10° 88! 103 0.39
X2 51 10 ° 10 10° 51 10 3 1! 10 4 5! 10° 5! 10> 24! 10° 16! 10 * 053
X3 51 101 10%° 10° 51 10 4 1! 10 4 5! 10° 5! 10® 24! 10° 11! 103 044
X4 51 104 10%° 10° 51 10 ° 1! 10 4 5! 10t 5! 10> 23! 10° 31! 103 0.12
Yir 51108 71 10t 10° 51 10 2 1! 10 ¢ 51 10" 5! 10®° 49! 10 ¥ 36! 10 ® 0.39
Y2 51108 71 10t 10° 51 10 2 1! 10 ¢ 51 10" 2! 10® 44! 10 ¥ 32! 103 13
Y3 5! 108 7! 10" 10° 51 10 2 1! 10 % 51 10 1! 10® 33! 10 ¥ 69! 10°% 25
expected 10 !, 6! 10 5! 10'ps 6! 10 8l,u3 8! 10 ®ps  3l,p3 N 6! 10 ®uj 7! 10 *17u8 KN
111
Vy = Ms0! M50 = 2!y |:1Y,5/2 1> = Iy/(OOlTI 1)
| = " — I
Vi = Wso/ (B! )Y? | _192_ .\.(/_T Hs = Hy,s/ (10 °T)
Dg=! ="=1/#
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Spectra for PMF and GWs

tH, =5.37(green-dashe

tH, = 3.66 (blue-dashed NB
tH, =2.98(solid)
tH, =2.71(orange-dot)
tH, = 2.56 (red-dot) )
tH, = 2.41 (black-dot) inverse cascade
_ naop — ]
* L RuUNn - - - 4
T - ) T TS -
e - -- -7 ] 1
2, 107%F o E
L 1 i
e | N N
~ L N \_
‘H“ - EM(I(E’ t) N ]
\% - ! k4 a : \\_
= T ;
SowE e s
@ e . Egi(k,t) 5
L 1 4
C: o -1 Py f £, & ARV Y H AW - -]
= E /\\ /I 7 AP 7 WA AP 9P v o - _:.
—~ 107 F- /\/’ .
< - ' )
S— T
= E
= C 1

ter =0.09H, ! 100( 1)
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" dek " dk k3
B OGD= MBS = O

ZIBE Pe(k) = dkEwm (k)

k2248 o
=EM/dIn k

| mag energy grows at Kcp/2

I GW energy grows while mag energy grows

| mag energy reaches maximum and GW
energy spectrum saturates (solid curves)

I subsequently mag energy evolves with the

iInverse cascade scaling (expected for helical):
B | t! 1/ 3 SO El\/l | t! 2/ 3
Iy ! t¥° so ky ! tH¥3

Ev " Bulky ! t°
I resultant GW energy spectrum is blue-tilted
gllzr?Wk = KEgw ! k* (k! Kepi)

I (scaling should extend down to kg~H)
I (most energy at kyy~Kcp)
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Comparision w/ previous studies

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

\, fﬁ/ (see Run Series X and Y)

/.

X4o @.e%/x 1

these sims

Main difference is the choice of
magnetic diffusivity: !y.
(see the table on prev. slide)

Y3 -7

N
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

—40 For those parameters, the GW
10 e I L L signal is found to be weaker.

\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Scaling with v,° v, from earlier
work, confirmed over wider range.
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B -number overproduction
& an upper bound on Uy =



Sourcing baryon number

Varying hypermagnetic helicity sources B and L-number

o2 g2
Waw? | YY
16" 2 316"2

Vd

g'2
g = A, = ! 3——Hh + 4

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

I this could explain the matter/antimatter asymmetry!
I but it would be a problem if too many baryons are created
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(B+L) washout is avoided

basicidea: 1lg = ! ! gphateron NB + Shelicity E> Ng ! Shelicity / ! sphaleron

time evolution

I'H$%& ;o $"!
0! 0!
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Sensitivity to the EW crossover

| " %890 (HY%0)#*+,&-# ., 1 -4 time evolution

— , 'T,': —

"l U sl ||
/' i . i

I"#$%6& ! $"l
0! ! 0!

$" | " I"#$%&
0! - 0!

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)
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Avoiding baryon overproduction

If pys 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 -> Bgpm at the EW crossover.

We take My /T ! 10 ? asa guide.

recall

Pi3

! U 77
Bphyslo I 6.6" 10! = G HIJY-(,)+5|4T
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PHS%&%()**+,3)’
H+$%(+ +/03+  AH%.&+TH2-07

%051 2+,01+2+(#(

Summary

> (|ty,s5l/T )

10 ° 10 2
> T ! IT )?
assume: chiral asymmetry 70 TeV 7000 TeV phys.ce1 ! ([Bv.sl/T)ce
(Baryo-genesis) N
‘ 71 10 6 G 11 10 5 G > Bphys,o! (Igy,sl/T e
1/3
Chiral Plasma Instability 91 10  pe 21 10 3 pe > Im,phys.0o! (JRy.s/T )ce
‘ > ewhg! (lvsl/T)e
7! 10 * 7! 10 3 - Gw Tl = URY,510T e
Magneto -genesis ' '
> fow.0o! (R 5T )ce
‘ 0.1 MHz 1 MHz

Gravito-genesis I chiral plasma instability develops_ at Tcp> 80 Te\_/ before washout

I development of CPI leads to helical PMF and chiral GWs

' PMF could provide seeds for dynamo Dexplain galactic magnetic field
I

GWs are high frequency and too weak to detect
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Stochastic B-field power spectra & energy

1Bi(k, )B] (K',0)" = (21)%"(k# k) "j # RR " Pg(K) # ithim RnPas ()

: 3 3
IB;(x,1)B; (y,t)" = Pk dk 1Bi(k,t)B; (k',1)" ghactik'y

(21)3 (2!)3
B # ) ) %
= (gl |;3 N # R Qj$PB (K) # i#him R Pag (k) €kax#y)

Ev (X,t) = IBi(x,t)Bi(x,t)"

Bk s % ¢
o) 3# 1 Pg (K)

d3k
= GryPe®
" dk k@
= ?—PB(k)
0 () —*
= kEwm (k)

NI~ NI
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