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cosmic magnetic fields
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A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation
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in Proc. “La structure et

l’evolution de ’Universe”
(1958)

https://phys.org/news/2011-05-cosmic-magnetic-fields.html



primordial magnetogenesis

inflation

phase transitions
supersymmetry
string cosmology
topological defects




blazars spectra observations:
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Fig. 2. from Vovk et al. 2024: Lower bound on IGMF derived from the
GRB 221009A (red line), compared to existing bounds form y-ray,
radio, CMB and UHECR observations and predictions of the
cosmological evolution models. The CMB upper bounds are from
Planck (Planck Collaboration et al. 2016) and from the analysis of
Jedamzik & Saveliev (2019). UHECR upper bound is from Neronov
et al. (2021). MAGIC lower bound is from Acciari et al. (2023).
Green-shaded area shows the range of predictions for the endpoints
of cosmological evolution of primordial magnetic fields. BJ04 is from
Banerjee & Jedamzik (2004), HS22 is from Hosking & Schekochihin
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Primordial or Astrophysical Origin?
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ABSTRACT T —— MHD (x) -
High-energy photons from blazars can initiate electromagnetic pair cascades interacting with the extragalactic ‘; -13 & —— Model 3x —
photon background. The charged component of such cascades is deflected and delayed by extragalactic magnetic o = —— MHD Gal3 3
fields (EGMFs), thereby reducing the observed point-like flux and potentially leading to multi-degree images in the o - — MHD Gal5 7]
GeV energy range. We calculate the fluence of 1ES 0229+200 as seen by Fermi-LAT for different EGMF profiles ™ . -
using a Monte Carlo simulation for the cascade development. The non-observation of 1ES 0229+200 by Fermi-LAT - E__ —100 TeV e
suggests that the EGMF fills at least 60% of space with fields stronger than @(10~'¢ to 10~'%) G for lifetimes of gx—
TeV activity of O(102 to 10%) yr. Thus, the (non-)observation of GeV extensions around TeV blazars probes the -14 -
EGMF in voids and puts strong constraints on the origin of EGMFs: either EGMFs were generated in a space filling 8 9 10 11 12 13 14
manner (e.g., primordially) or EGMFs produced locally (e.g., by galaxies) have to be efficiently transported to fill |Og (E/QV)
a significant volume fraction as, e.g., by galactic outflows. 10
1 EmETm . 4. SUMMARY
E We have calculated the fluence of 1ES 0229+200 as seen
MHD (x) - by Fermi-LAT using a Monte Carlo simulation for the cascade
N, 7 development. We have discussed the effect of different EGMF
profiles on the resulting suppression of the point-like flux
1 seen by Fermi-LAT. Since the electron cooling length is much
o 10 smaller than the mean free path of the TeV photons, a sufficient
suppression of the point-like flux requires that the EGMF fills
a large fraction along the line of sight toward 1ES 0229+200,
f 2 0.6. The lower limit on the magnetic field strength in
this volume is B ~ @(10~) G, assuming 1ES 0229+200
» is stable at least for 10* yr, weakening by a factor of 10 for
10 10 107 10 10® 10" 10° t = 10% yr. These limits put very stringent constraints on
the origin of EGMFs. Either the seeds for EGMFs have to

B(G) be produced by a volume filling process (e.g., primordial) or
Figure 4. Cumulative volume filling factor C(B) for the four different EGMF very efficient transport processes have to be present which
models found in MHD simulations. redistribute magnetic fields that were generated locally (e.g.,
(A color version of this figure is available in the online journal.)

in galaxies) into filaments and voids with a significant volume
filling factor.
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testing the early universe

TIME AFTER THE BIG BANG
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known VvS. unknown

- What we know > What we did not know
e The amplitude of the magnetic e When and how magnetic
field (galaxies, clusters, voids?) fields were generated
e The spectral shape of the e What new physics is
magnetic field required?
e The correlation length scale e What were initial conditions

> Acausal
v unlimited correlation length

v difficulties: backreaction & symmetries
violations

> (Causal

v limited correlation length
v difficulties: weak fields

.C;g; :; I { Chp? :l. | i Sr;;.l-. c} [ O't;n o;
Particks | | Strctues | | LU | Conscousness




MHD cosmological simulations

Ejection Primordial
Z=4 2=4
Z=0 Z=0

by Donnert et al. 2008



primordial turbulence

« primordial plasma is perfect conductor

e interaction between primordial magnetic fields and
fluid (plasma)

« development of turbulence

Penders, Jones, Porter, 2019

other sources of primordial turbulence?



Primordial Velocity Fields

« Cosmological Phase Transitions

Bubbles collisions and nucleation

Baym et al. 1995

Quashnock, et al. 1989
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Q\Tm vacuum »
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inverse Cauchy problem at work
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LINEAR PARTIAL DIFFERENTIAL EQUATIONS
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Cauchy problem at work - BBN

e Big Bang Nucleosynthesis
e limits on effective number of relativistic species N4

N V) = 3.046 Salas & Pastor 2016
+ CMB data Ngg= 2.862 £ 0.306 at 95% C.L. Fields et al. 2019
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BBN & primordial magnetic fields

e Extra radiation like energy density less than ~3% of
the radiation enerqy density at BBN

Padd (ANeff) v
= 0.277 ; AN = N_g —
prad 0.122 ef eff eff

e The upper bound on the magnetic (effective) comoving
amplitude order of microGauss at BBN

e Limits apply to the total magnetic energy density




modeling magnetic fields & turbulence

e Homogeneous (statistically) magnetic fields: most of them are
related to inflation and the violation of fundamental symmetries
such as Lorentz violation (Campanelli et al., 2009) and/or
rotational isotropy (Thorne, 1967; Moffatt, 1978; Jacobs, 1969):

2

mc Thorne, 1967

BpMs = = 10" G.

“ e(h/mc)

- com_ phys( ) = B 10_18G




modeling magnetic fields & turbulence

© Statlstlcally |sotropic Gaussian, stochastic magnetic field,
(B(x)) = 0: (Monin & Yaglom, v. 2, 1975)

Bij(x,x +r) = (Bi(x)Bj(x +r)) = Bij(r)
Bii(r) = My(r)di; + [Mp(r) — My(7)] 775 + My (r) €1,

My(r) = o [PPMi(r)] = Ma(r) + L S M),
r) = %/MN(T)TCZT
lim% (r)=2 &, / OO[ML(T) + 2My (r)]r?dr = 0,
—0 0

Divergence free field + finite at infinity 1lim 98 (r decreas
: r— o0 1 K
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time dependent processes

conservation laws — invariants — symmetries

> Noether's theorem: every continuous symmetry of the
action of a physical of a physical system with
conservatives forces has a corresponding conservation
law.

> it does not apply to systems that cannot be modeled
with a Lagrangian alone. In particular, dissipative
systems with continuous symmetries need not have a
corresponding conservation law.




dissipation — Kolmogorov spectrum

. 1/2
kp ~ dk E(k
c=2v | dkK2E(k) =, . .
ks _ (g) (271_)—1/3(511)1/3.

We can also estimate an eddy turnover time scale (known as the circulation time) on a length scale L as the ratio
of L to the physical velocity vy, = ur /(1 + u2)Y/2. We argue below that the physical velocity will be approximately
bounded by the sound speed of the fluid; for a radiation-dominated plasma, this condition is vy, < 1/4/3. Making

the simple approximation that vy, = uy until the sound speed is reached, after which time vy, is the sound speed, the
circulation time is

L3, otherwise.

o~ Ljus ~ { (12)



Loitsiansky invariant

r

iry
=1 Byn (1) 1)y,

Bj(r. )y=[Bp,(r, ) —Byy(r, ?)]
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FIG. 12 Schematic illustration of the energy spectrum E'(k), the energy
dissipation spectrum 2vk?E(k), and the function T'(X). 1) Energy range;
2) dissipation range.



Corsin Invariants

12
lim 1 [ f p’ (%) de = 4n A, = const,
Voo V

12
lim 1 [ j U(x)dx| = 4nA, = const,
Voo 4 1

Voo V

12
lim -1— [ f $’(x)dx| = 4nA;= const,

-

lim l- Ip’ (x)dx f ¢/ (x) dx = 4n A, = const,
Voo V o



sound waves from turbulence

Aeroacoustic:

é Sound waves

generation by
turbulence

w=K 2 2 > a

S T )
T, Ot2 Oz;0x;
7
FIG. 1: To the determination of the characteristic frequency Li gh t h i l l / 1 9 5 2

of the GWs generated by turbulence. Dark area contains main

part of turbulent energy. P r O u d r?:! Q n :
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T AP =— 5 7 (20.25)

ot

where
T, x.8)=uf (x.8)d) (x.0), (20.26)

[u(s) (x, £) is the incompressible component of the velocity field], and, as above,
P =p/yp. ag = yp/p. We recall that when we derived this equation we neglected viscosity

and thermal conductivity effects, while the density fluctuations p’ =p — p were assumed
to be small in comparison with p (which implied that the velocity divergence was also

small). Moreover, typical values of the incompressible velocity fluctuations u(®) were
assumed to be small in comparison with the mean sound velocity @,. Equation (20.25) can
therefore be regarded as describing the generation of sound by arbitrary turbulence with
small Mach number Ma = U/a,, and not merely by a turbulence approaching the final
period of decay.*® In the limit as @y - oo, Eq. (20.25) becomes identical with Eq. (1.9),
i.e.,, with the usual equation relating the velocity and pressure fields in an incompressible
fluid.

Equation (20.25) leads to a number of important consequences. For example, the
right-hand side of this equation is a combination of the second derivatives of the field
T, j(X) (namely, the divergence of this field with respect to both its indices), which means

that, in the absence of solid walls, the generation of sound waves by the turbulence is
equivalent to radiation by a set of acoustic quadrupoles (and not the usual sound sources or
dipole sources), This fact was pointed out by Lighthill (1952, 1954). Hence it follows that,
if there are no walls, a low Mach number turbulence is not an effective source of sound. This
is also supported by the character of the dependence of the total intensity of the radiated
acoustic waves on the characteristic velocity scale /. The general solution of Eq. (20.25) can
be written in terms of the retarded potentials:

0*T;5(y. 1)
0y; 0y,

— 1
P (x,t)=P(x.t)—P= 3 f (20.27)
4na;

g 2=yl |x—Y|
Qo



We shall suppose that acoustic “noise” is generated by a bounded volume of the fluid in
which there are velocity fluctuations, while the surrounding medium is at rest. In that case,
the “turbulent region” will emit acoustic waves in all directions, giving rise to the pressure
fluctuations described by Eq. (20.27) outside this region. If we apply the integral Gauss
formula twice to the right-hand side of Eq. (20.27), and bear in mind that the integrals over
the bounding surface, which lies outside the turbulence region, are identically equal to zero,
we can replace differentiation with respect to the running coordinates y; in Eq. (20.27) by
differentiation of the integrand with respect to the coordinates of the point of observation
X:

P’ (%, t) = — 02 f Tu(.v.t—'x_"' ') 4y (20.28)

4ma’ 0x; 0x, a, | x—yl

[We note that the appearance of the second derivative of the integral on the right-hand side
of Eq. (20.28) corresponds to the fact that the radiation is a quadrupole radiation]. Let us
consider the field P(x, t), well away from the ‘“noisy” volume, i.e., at a distance much
greater than the characteristic wavelength of the emitted sound. This will be the so-called
wave-zone approximation. The leading contribution to the right-hand side of Eq. (20.28)

will then be due to terms obtained by differentiating the tensor T j (y, t——lﬁ—ELl)
0
with respect to x; and x;, and consequently
1 riry 02
P (x, 1)~ T 3 5 Tij(y, 1) dy, re=|x—y|. (20.29)
4na, r- ot rei—T

a,



OINCEC, I0r iMacn NUMOECIS MuUcCi 1CSS tnan unity, ne tensor lij 1S proportional to ine squdic

of the turbulent velocity fluctuations, and the velocity 2 can be assumed to be equal to
the total velocity fluctuation u, we see that the amplitude of the pressure fluctuation in the
wave zone is proportional to the square of the characteristic value U of the velocity
fluctuations, multiplied by the square of the characteristic frequency. However, the
characteristic fluctuation frequency is proportional to U/L, where L is the turbulence length
scale. The amplitude of the pressure fluctuations is therefore proportional to U®, and the
total emitted energy (intensity of the sound waves) is proportional to U®*. This means that
the emitted sound intensity will be very low when the velocity U is low.

The above result can be made more precise as follows. It is readily shown that the energy
flux density carried by the sound waves in the wave zone is given by

a -2
b’ =adpP’ (20.30)

~.
)]
|
\
©

[see, for example, Landau and Lifshits (1953), Sect. 64]. In the wave zone, i.e., at distances
from the ‘“turbulent volume” that are much greater than the linear dimensions D of the
volume, the factor r;r j/r3 in Eq. (20.29) can be regarded as constant and taken outside the
integral sign. Hence in this zone the energy carried by the sound waves is given by

-[:.) rirjrkrl
X)) =
T l6n’ay  r°

r

02 ’ / / ’
XH—[u,(y, DO D ey 5 0TI

T = t—

EZM X
a,

X dy dy’.
(20.31)



It is readily seen that we can neglect in this formula the difference between 7 and 7’. In fact,
since the correlation between the tensors T,-] , 7) and Tyy(v', 7') is appreciable only for

L L
|y —y'|<L,wehave| 1T — 1" | &K ——= Ug—and, consequently, for Ma = Laj_ !
0 0 0

the difference T — 1/ will be much less than the time scale L/U of the turbulence fluctua-
tions. The mean value under the integral sign in Eq. (20.31) can therefore be evaluated on
the assumption that T = t’. The integral with respect to ¥’ in Eq. (20.31) can then be
roughly estimated by assuming that for any fixed y, itis equal to the quantity

uy(y, V)uj(y, 1) %up(y, Yur(y, v
oT2 012 ’

which is of the order of

U \4 Us
”‘(T) =Ir

multiplied by the characteristic volume L3 of the fluid in which the velocity fluctuations are
appreciably correlated with the velocity fluctuations at the given point y. This shows that
the total energy ¢ emitted per unit time by a unit mass of the turbulent medium is of the
order of

g~ U8[d5L (20.32)

[since the quantity € is equal to the integral of the right-hand side of Eq. (20.31) evaluated
over a sphere of radius 7, divided by p and the total volume of the turbulent region]. If we
recall that the rate of turbulent-energy dissipation is of the order of U3/L (see Sect. 16.5),
we can rewrite Eq. (20.32) in the form

- Us -
€ ~E —5=5(Ma)5. (20.33)
)



gravitational waves primordial turbulence?

1 2 62 ap
V25 x,t— — 8p(x,t T(x,t), c2=—
i 1
2 — C =
Vv hl’j(x, t) — Whij(x, t) = —16nG Sij(x, t)
Aero-acoustic approximation: j0-10 | ' LISA
v sound waves generation by turbulence
v gravitational waves generation 013 |
: . o=1
10716 ¢ /—
10719 }
Lighthill, 1952; Proudman 1952 02} \
Kosowsky, Mack, Kahniashvili, 2002 \ =000l

Dolgov, Grasso, Nicolis, 2002
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aeroacoustic approximation

Gogoberidze, TK, Kosowsky,

2007
82
hzj (X, t) — —167TGS7;J' (X, t).

V2hii(x,t) — 572

Sij(x',t — |x —x'|)
x — x| |

hij(X, t) — 4G/d3X,

1 A~ ! /]
paw (x,t) = (O¢hij(x,t)0chij(x,t)) = & /d3x’d3x” (0S5 (X', ') 0¢ 5 (x”, t )>,

327G 27 Ix — x'||x — x|

Gn

27|x|?

P (x) — / B P (9,5 (x, )0, i (x", ).

1

L(x,T) = 90

(Othij(x,t)0chij(x,t + 7)),




For the case of stationary turbulence, it can be proven that [23]

(008i5(x 1) 0S5 (%", 1)) = —02(Si (%, ') S5 (%", 1)) (12)
Using Eq. (12) with the far-field approximation |x — x’| = |x| — x-x’/|x|, and using the fact that the cross-correlation
of a stationary random function is independent of time translation, Eq. (11) reduces to

-G
2rr|x|2 T

L(x,7) = o2 / P dBx (S (X, £) iy (X", 7). (13)

where

Pt ) (14)

Defining the two-point time-delayed forth order correlation tensor by

1
Rijia(x',&,7) = —5(Sij (x', 1) S (x" ¢ + 7)), (15)
where £ = x”" — x’ and w = p + p is the enthalpy density of the plasma, Eq. (13) yields
L(X 7') 27T| |28 /d X,d fRijz'j (x',£,7'-|— m f) . (16)
Fourier transforming this equation gives
42w Gw? X
I(x,w) = T /dsleijij <X/, Hw,w) (17)

dpaw
d Inw

pGW(w) = 167T3w3GW27'TH7;j7;j (w,w).



We assume that the stirring and dissipation scales are well separated, i.e., kg < kg, which corresponds to the turbulence
having high Reynolds number. This will be an excellent approximation in any early universe phase transition with the
stirring scale related to the Hubble length. For simplicity, we adopt Kraichnan’s square exponential time dependence
[34] to model the temporal decorrelation,

f(n, T) = exp (—%nirz) ) (26)

While other forms of f(ny,7) are also frequently used (see, e.g., [37]), neither total power of generated waves nor the
spectrum are very sensitive to the specific form of the temporal decorrelation [21].

B (5 _ kil
Amk2 \ Y k2

10719 T e
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FIG. 1: The spectrum of the gravitational wave strain amplitude, hc(f), as a function of the frequency f for a first-order
phase transition with g, = 100, 7% = 100 GeV, a = 0.5, and 8 = 100H,, from hydrodynamic Kolmogorov turbulence with
zero magnetic helicity (solid lines) and for the two MHD turbulence models, Model A (dash-dotted lines) and Model B (dashed
lines). The left panel corresponds to initial magnetic helicity ¢, = 0.15, while ¢, = 0.05 in the right panel. In both panels
the bold solid line corresponds to the 1-year, 50 LISA design sensitivity curve [48] including confusion noise from white dwarf

binaries [49].



Numerical Simulations

To account properly non- 9? 09\ .77 167G, 1T
linear processes (MHD) (w —c'V hij = 302 T,-j :
Not be limited by the short e —
duration of the phase Grishchuk 1974 hil = ah;; P™®
transitions |

dtyhys = adt

Two stages turbulence
decay

e Forced turbulence
e Free decay

The source is present till
recombination (after the
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conditions dependent oo 10000
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Why Numerical Modeling Is Necessary

v Itis assumed the stationary turbulence 0.100
while in reality turbulence decays = -
= 0.010 3
c i ]
£ \"2/3 :
2 0.001
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1
5 t ? 020F
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1 = o010k e e
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0.005 | I 1< energy density (bottom) for simulations where the driving is
0.000 6.00 o turned off at ¢ = 1.1 (black dotted line), or the strength of the
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describing primordial turbulence
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Ey(k,t) and Ey(k,t)
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where D/Dt = 9/0t + u - V is the advective derivative,
t is the conformal time, p is the density, u is the bulk
velocity, Sij = 3(uij + uji) — 36;; V - u is the rate-of-
strain tensor, v is the viscosity, and 7 is the magnetic
diffusivity.

Kahniashvili et al. 2010
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FIG. 2: Evolution of the turbulent magnetic field after turning off the forcing at time ¢ = 14¢1. The By component is shown
on the periphery of the computational domain.




our universe is almost perfect
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FIG. 5: Magnetic (solid) and kinetic (dashed) energy spectra
in 12 regular time intervals of 4¢; after having turned off
the forcing, with (smoothed) spectra at k = 50k; decreasing
as t increases. v = 7 = 10~* in units of (k7t;)~'. The
straight lines have slopes 3, 2, —2, and —1/2, with the first
two near k = k; and the last two near k = 10k;. Thickest
lines (solid and dashed) indicate the last time, which is 44 ¢4
since turning off the forcing. The intermediate thickness solid
line, the highest or almost highest line for k/k; > 10, is the
initial magnetic spectrum for this computation.
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FIG. 6: Same as Fig. 5, but for a case where the initial mag-
netic field had a k* spectrum close to equipartition with the
velocity field, and then the forcing was turned off. Results
are shown for nine times at intervals of 6¢;. v =7 = 10~*
in units of (kit1)~'. The straight lines have slopes 2 and 3.
Thickest lines (solid and dashed) indicate the last time, which
is 481 since turning off the forcing. The intermediate thick-
ness solid line, the highest solid line for 5 < k/k; < 10, is the
initial magnetic spectrum for this computation.
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TABLE I: Scaling exponents and relation to physical invari-

ants and their dimensions.

p

q

dim

10/7 ~ 1.43
8/6 ~1.33
6/5=1.20
4/4 =1.00
2/3 = 0.67
0/2 = 0.00

2/7 ~ 0.286
2/6 =~ 0.333
2/5 = 0.400
2/4 = 0.500
2/3 = 0.667
2/1 = 1.000

L

(A3p)

(A-B) [z][t]

[z]"[t] =

(26~

§ o t9,

Brandenburg & Kahniashvili 2017
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initialized the magnetic field with a scale-invariant spectrum for & > kg and a k* spectrum
for k < ko. Here, kg is the wavenumber of the peak, which was chosen to be twice as big
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denote the location of the horizon wavenumber k.. (t). The letters A—G on the spectra
and the upper abscissa correspond to the same times. Adapted from Brandenburg et al.

(2018).
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evolution through structure formation
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late time evolution
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conclusions

The high conductivity of primordial plasma insures possibility
of hydro and ma%neto hydrodynamics turbulence
development in the early universe

Turbulence experiences decay through the expansion of the
universe

Primordial MHD turbulence is a plausible explanation of the
observed magnetic fields in galaxies, clusters, and voids (if
confirmed)

Primordial turbulence signatures include:

— gravitational waves

— cosmic microwave background fluctuations

— effects of the matter power spectrum (large scale structure)
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