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Brandenburg et al. (2017, PRD 96, 123528)
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* GWs driven by magnetic stress, B~ 1 uG
* 1 uG would have decayed to 0.3 nG at 30 kpc

e Lower limits from Fermi LAT (Large Area Telesc)
* 101> G at 1 Mpc (Neronov & Vovk 2010)
» Already well above chiral B-field limit of 1018 G

» B-fields driven at hoc (no magnetogenesis)



Spectral correspondence

Turbulent intertial range

B spectrum

E(K) = Sp(B) ~ k-*"

Stress spectrum Sp(B; B)) ~ k™/3
(Brandenburg & Boldyrev 2020)

Therefore Sp(k?h;) ~ k=>/3

So Egy (k) ™
and (2. (k) =

Sp(kh;) ~ k2 Sp(k2h,) ~ k-11/3
KE (k) ~k8/3
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Subintertial range

B spectrum E(k) = Sp(B) ~

Stress spectrum Sp(B; B)) ~ k2,
not k* (Brandenburg & Boldyrev 2020)
Therefore Sp(k*h;) ~ k?, not k*
So Egy(k) ~ Sp(kh;) ~ k°, not k?
and (2. (k) = kE;\,(k) ~k%, not k3
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Different efficiencies 07f
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Scalar-Vector-Tensor decomposition

Trace L
traceless Hessian of scalar

Symmetrized gradient
tensor

Pure tensor mode

e Acoustic turbulence:
small tensor mode

* Except small k &

* How import is
contribution from
frequencies ® ~ ck ?
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Time dependence from chiral magnetic effect (CME)

* Exponential growth
at one k

e Subsequent inverse
cascade

* Always fully helical =

L = 555
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Growth at one wavenumber
Then: saturation caused by
Initial chemical potential
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CME introduces pseudoscalar

 Mathematically identical to o effect ¢ In the presence of a magnetic
in mean-field dynamos field, particles of opposite

* Comes from chiral chemical charge have momenta

potential pu (or L) * = electric current

« Number differences of left- & right-  * Self-excited dynamo <> <2 i T

1 RQ? L j.CME
handed fermions - But depletes NS

R
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Many details are known by now

Ey(k,t)
A

; k=p
khmﬁn(.\a?\)lfg ;1 :-h:’:c:"r

* Instability just n dependant
 Saturation governed by A

* Regime | is when turbulent
subrange is long

* In regime Il, just inverse

cascading
9B
d&)_f_v X |ux B+n(psB - J)|, J=VxB,
D Jﬁ
I;i =—An(usB —J) - B+ DsV*us — Tips,

Uy = ;1,5(]//\1/2, "U}l_ — K507]. (())

We recall that we have used here dimensionless quanti-
ties. We can identify two regimes of interest:

nky <wv, <wvyx (regime I), (7)
nki < vy < v, (regime II), (8)



Strength of chiral magnetic effect

* Dimensional arguments give

(B?) &y = € (kpTp)>(/c) 2,

* Inserting T=3K gives 1078 G on 1 Mpc
e But starting length scale very small

e > 12cm

 Compared with horizon scale at that

time (electroweak) of ~1 AU
* Other dimensional argument:
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Another severe problem are the very small length
scales associated with the CME. An upper bound for

the wavenumber associated with the chiral asymmetry

in comoving units is k. = kT /hec = 12 cm™ !, where kp
is the Boltzmann constant, A is the reduced Planck con-
stant, ¢ is the speed of light, and T" = 2.7 K is the present
day temperature. Assuming a field strength of 1 uG, the

* Would like something like:
(BY)éy < e (a,fag)(kyTo)2G™ 2073212,




and Egu(k)

Ey(k)

Uy = MU/AUQ,

We recall that we have used here dimensionless quanti-
ties. We can identify two regimes of interest:

nki < v, < vy
nki1 < vy < v,

Uy = H507).

(regime I),

(regime IT),
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* For Runs B1 - B10, n increase 10° - 103

o Therefore, growth rate y=mu?/4 increases

* Peak magnetic energy reached when yt=20
o Depends on initial & final &,=p?/A

¢ &y Saturation depends on regime
o Regime | (B1-B5), &, saturates at peak
o Regime Il (B6-B10), &£,y saturation prolonged

* u depletion also different
o Faster in Regime |, when linear growth fast

* What prolonged saturation behavior?
— Change of slope at late times
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Early kinematic growth
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Saturated phase: scaling

U\ = #50//\UQJ Up = H507)- (6)

We recall that we have used here dimensionless quanti-
ties. We can identify two regimes of interest:

nky < v, <wvy (regime I), (7)
nki < vy <wv, (regime II), (8)

ohase

T(k,t) = 0(t — 1) Ty(k) 270t (16)

where 0(t) is the Heaviside step function, and Tp(k) is
assumed to depend just on k = k.

Using h(k,1) = h(k,1) = 0 as initial conditions, we
can solve Equation during the early growth phase in
closed form as
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Saturated phase phase
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Uy = }L;)()/AIXQ, Up = K507 (f))

We recall that we have used here dimensionless quanti-
ties. We can identify two regimes of interest:

nki <wv, <wvy (regime I), (7)
nki < wvy <w, (regime II), (8)
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The Pencil Code, a modular MP| code for partial
differential equations and particles: multipurpose and
multiuser-maintained

The Pencil Code Collaboration®, Axel Brandenburg! -3, Anders
Johansen®, Philippe A. Bourdin® ®, Wolfgang Dobler’, Wiadimir Lyra®,
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Summary

The Pencil Code is a highly modular physics-oriented simulation code that can be adapted
to a wide range of applications. It is primarily designed to solve partial differential equations
(PDEs) of compressible hydrodynamics and has lots of add-ons ranging from astrophysical
magnetochydrodynamics (MHD) (A. Brandenburg & Dobler, 2010) to meteorological cloud
microphysics (Li et al., 2017) and engineering applications in combustion (Eabkovskaia et
3l 2011). Nevertheless, the framework is general and can also be applied to situations
not related to hydrodynamics or even PDEs, for example when just the message passing
interface or input /output strategies of the code are to be wsed. The code can also evolwe
Lagrangian (inertial and noninertial) particles, their coagulation and condensation, as well as
their interaction with the fluid. A related module has also been adapted to perform ray tracing



Conclusions

 Remarkably 2 different slopes for GW spectra
* Energy small, but may be different if active at early times



Early universe: use conservation law

Conseration equation Vi) (A - B) + (i) = const = iy (for Tt << 7d)

4oy
n — nr) - ‘A - B) = const.
(nL R) > ( )

Maximally helical: (B?) En < PL{]/)\'

(B?) &y = € (kpTy)3(fic)~2,



Inserting actual humbers
Magnetic helicity

fic 8

dovem &

N;
(B2) &y = n,oNy =5 x 10~ 3810 g0 G*Mpe. (17)

Here, go = 3.36 and n.o = 2¢(3) /7 (kgTo/7ic)’ = 411 cm™3

Inverse length scale
kgT

| < 4&6111? ~ 1.5 x 10" T,po cm™!



Inserting actual numbers (cont’d)

Magnetic diffusivity

(1.11) of Amold et al. (2000):

>
n=7173x 1074 LSRN 10~ °T}yp cm? s~ 1. (19)

kg T
Thus, v, =6 x 10°cm s_l, so the number of e-folds is

N = vﬂ,u/HN 5 x 10° gmo PToo> 1, where H '~ 5 x
10~ glaé/ “Tio5 s is the Hubble time.



Inserting actual numbers (cont’d)

Extent of cascade

8em

2
A= 356[ ] ~ 1.3 x 1077 T;y5 cmerg™.

kgT

As a result, vy~ 1.5 x 10°cms !>y and v < ¢~

2 x 10cms™!, so we are in regime I where turbulence
develops. Finally, we estimate the length of the inertial range of
chiral magnetically driven turbulence from

v /va = n(@EN? = g\ /> /2400. (20)
Equation (13) with /C,/C, ~ 4 gives p /k)\ ~ 600g1_06/ 2. So



Inverse cascading

logl &,/Mpc )



But initial length scale Is very small

Starting point further to the left




How to boost primordial helicity

Limit on magnetic energy can be much larger
(B*)/2 < €1(ksTy)*/ (he)’,

Problem: we need to constrain magnetic helicity

(B*)én < e2(kgTy)? /(he)?.
Another possibility (e.g. if length scale = Hubble scale)
(BE>§M = 53(%/%)3(3_3!2&_”25[UE,

e.g. If length scale = Hubble scale

(B) &y < &5 €5 (a./ag) (ke To) G 03212,



