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@ Magnetic fields in the Universe
© Chiral magnetic effect

© Mean-field dynamo
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Magnetic fields in Universe

Magnetic fields exist in all astrophysical
objects on all observable scales of the visible

Universe:

o Neutron stars: 102 — 10 G
Stars: 1 — 103 G
Planets: ~ 1 G
Galaxies: ~ 107> —-107% G
Galaxy clusters: ~ 1076 — 1077 G S

log(B [G])

-6 -4 -2 0
log(Ag [Mpc])

[Neronov&Vovk, Science 328, 73 (2010);

Neronov et al., arXiv:2112.08202]
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Since 2010, there is evidence of MF detection also in the intergalactic medium —
in cosmic voids: 10_16 G ,S BQ S 10_10 G [Tavecchio et al., MNRAS 406; Ando & Kusenko,

Astrophys. J. Lett. 722; Neronov & Vovk, Science 328]
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The origin of these magnetic fields?

some seed field existed in the plasma before structure formation
it was amplified by adiabatic contraction when galaxies formed
AC is not enough to explain the observed values of e.g. galactic MFs

MF amplified by MHD dynamos, especially when plasma becomes turbulent

This initial seed field could be of a primordial origin and, in this case, its
properties could tell us a lot about the Early Universe!
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@ However, dynamos amplify MF by until it reaches saturation (e.g. at uG in
galaxies, according to observations)

@ As a consequence — the value of the seed field is not important!

Magnetic field in collapsed structures “looses memory” of its initial configuration
and cannot help us to derive properties of the primordial magnetic field

)
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Where to look for the genuine seed field unaffected by
structure formation?

@ Collapsed structure occupy only the small fraction of the volume of the
Universe, while the primordial magnetic field is volume-filling

@ Therefore, if we measure magnetic field outside the collapsed structure, in the
intergalactic medium (IGM), we could be able to probe the properties of the
primordial magnetic field
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Magnetic field measurement in the IGM

o Faraday rotation measure (RM) depends on the density of the medium,

&3
RM = —— B, d¢ 1
27 m2 /ne 1= )

The effect is too small for the current experiments

@ -ray astronomy has a potential to measure long-range magnetic fields in
the Intergalactic Medium (IGM)
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Galactic feedback

@ The “genuine” properties of
Intergalactic Magnetic Fields
(IGMF) can be affected by
processes inside galaxies

@ Indeed, feedback from supernova
and active galactic nuclei (AGNs)
could spread out galactic matter
and magnetic field at some distance
around galaxies

o To what extend IGMF are affected by galactic feedback? J
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AGN feedback and observed properties of galaxies

@ The strongest feedback comes from
AGNs — supermassive black holes SR gt il R
(SMBH) in the central parts of
galaxies

127

1 26

@ The source of energy for the SMBH
is the accreted matter. This process
is so effective, that O(10%) of the
mass of accreted matter transforms
in radiation. This makes AGNs the
most bright permanent sources of
light in the Universe

o Feedback of AGNs heats up matter
around and injects a lot of matter in
the IGM. This affects star formation
rate and creates Fermi bubbles seen
in X-rays (see e.g. [1204.4114])
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[lustrisTNG simulations

@ lllustrisTNG (TNG) is a
suite of large-volume
cosmological gravo-
magnetohydrodynamic
simulations [1707.03396]

@ It uses the moving-mesh
AREPO code describe
self-gravity and ideal
MHD [1108.1792]

@ TNGI100 has a L ~ 100 cMpc box, 18203 of both DM and gas particles

@ TNG includes a comprehensive galaxy formation model incorporating e.g. gas
metal-line cooling and heating, star formation, stellar evolution, and heavy element
enrichment, supermassive black hole growth
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@ We see that simulation volume is
occupied by magnetic bubbles
~ (10 Mpc)3, we see presence of
massive halos with AGNs inside
them

o Magnetic field forms the
butterfly-like configuration around
the massive halo, suggesting that it
was produced by outflows
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Over-magnetized bubbles
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@ In TNG we have observed macroscopic (tens Mpc) regions around clusters
of galaxies with electron density is as low as in the IGM and magnetic
field is as strong as in clusters — over-magnetized bubbles

@ Typical sizes of the bubbles are order of magnitude larger than virial radii
of parent clusters
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B>Bmin and ne<ne max, z=0
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e At z =0, the magnetic field is stronger than 10712 G in 15% of the volume,
while it is stronger than 107° G in 3% of the volume

@ Alternatively, we can measure the fractional length, for a given line of sight,
which intersects a strong magnetic field B > 10712 G

@ We show the result for a sample of 1000 random sight-lines of length
100 Mpc
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e Physics of magnetic bubbles strongly depends on
simulations of galaxy formation with dynamos

e It is important to deeply understand physical picture to be
sure that simulations give physical magnetic field (rather
than exponentially amplified numerical noize)!

A. Boyarsky (UL) MF amplification September 30, 2022



Numerical simulations of dynamos

@ Understanding of the dynamo effect in galaxies is extremely important for the
analysis of observations

@ The most straightforward way — to include them into the simulations of
galaxy formation, e.g., lllustrisTNG
@ There are several problems with this:
@ The GauB constraint div B = 0 can be violated on the lattice by numerical
errors
@ Numerical errors may cause fake instability
© Since dynamo leads to exponential growth, even a small numerical error at the
beginning can go out of control later

@ In dynamo effect, the instability originates from small-scale turbulence which
cannot be resolved well on the lattice

@ Thus, we need an analytical model of dynamo in order to have the control
over simulations.
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Chiral magnetic effect
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o Magnetic field make the spins aligned (s) B
o Chirality determines the momentum direction: p 11s (R), p 1l s (L)
o Chiral imbalance iy — ugr = us # 0: one of the chiralities is dominating
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Electric current appears: jcye = 52458,
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Maxwell equations

@ As a result Maxwell equations contain current, proportional to i5: [Vilenkin
(1978); Frohlich & Pedrini (2000-2001); Joyce & Shaposhnikov (1997)]

0B
l1E = ——
cur T
&2
curlB = oE+ 4—2N5B <—Chiral magnetic effect
7r

@ time-reversal symmetry 7

LT
J= T L
- o = —o - dissipative current
B——-B;— T
- s — s  — non-dissipative current
E— +E
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Magnetic field amplification

In the presence of CME current, the induction equation reads as

1 2
®B= =V’B + il curl B,
o 2
magnetic diffusion instability
A simple solution to this equation is
k?  e’us
B=2-B kz), £sin(kz), 0)e*+* Ay =——+ k
o(cos(kz), +sin(kz), 0) , T pl

@ One circular polarization always decays (A_ < 0)
e®ops
472 -
As a result, magnetic helicity of the
amplified field is nontrivial:

@ Another polarization grows (A > 0) if k <

’H:/d3xA-B;£O.
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Dynamics of 5

Boyarsky,
Fréhlich, O.R.
PRL (2012)

cullE = —=— Chiral magnetic effect

curl B oE + /

Chiral anomaly

Finite mass breaks chiral symmetry:
m Without B chirality flipping reactions drive 5 — 0 (u5 = pioe ")

2
=)

m Without u5 finite conductivity drives B — 0 (By, = Boe™
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Analysis of quasi-homogeneous system

PRL12
m Introduce Hy, = 5(1B; > — | B, |?) [1109.3350]

m The system of equations

Fr e e
Ous OHr
TR >/dk7 Lris

m ...can re-write this as

s
= g 7
o Tp+Ty)us+ Sp
m where
2
Tot) = 22 [ dk iy = 2% ke K¥H,, .
ixea
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Tracking solution

O
% =—-Tp+Tf)us+ Sp

m Can we have a “tracking solution”:

~ SB
I'p+Ty

s

m |f 'p > T'; (i.e. magnetic field is sufficiently large)

Sp - ﬂ']fpeak

~ —

stg o

where magnetic energy/helicity is maximal at kpeax
recall Ty o< [ dkkHy, Sp o< [ dkk*Hy
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Attractor solution

m For maximally helical monochromatic magnetic field it reduces to
Energy density: pp. Magnetic diffusion time t, = %’z
0

A pB<k>

dt
dﬂB_p_B<us 71>
dt 122 (/15)
ko
) _ . 27?](30
m Large pp drives us to an attractor solution | fis = Boyarsky, PRL
84 2012
[1109.3350]

m Electric conductivity of the plasma is finite but magnetic diffusion
is compensated by the presence of us
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Two modes
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Evolution of chemical potential
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Evolution of chemical potential
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Continuous initial spectrum with H,. o« k and fraction of magnetic energy density
5 X 1075 (blue) or 5 x 10~* (green). Red — evolution without flip
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Evolution of helicity spectrum
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Inverse cascade without turbulence!

[Joyce & Shaposhnikov (1997)]
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Mean-field dynamo: differences from the case of CME

CME instability

@ One homogeneous
pseudoscalar function

Mean-field dynamo
@ A new vector field — velocity of the fluid U

@ Parity is violated by nontrivial correlators of the

Hs = KR — KL ! o )
o velocity and/or magnetic field — which
@ Parity violation by .
correlators are important?
ps # 0

@ The backreaction is due to interaction between
the short-scale turbulent motion and large-scale
fields — what exactly is the mechanism?

@ Backreaction is due to
chiral anomaly
@ Energy is released from

the flipping of chirality
of fermions

@ Energy is pumped from the short-scale turbulent
motion — what is the mechanism?
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Equations of magnetohydrodynamics

@ Induction equation

1
xB= -V’B +Vx|[UHxB]|
o
magnetic diffusion Frozen-in MF
o Navier-Stokes equation

1 1
U+ (UVIU =vVU+ ;[JXB] —;VPJrf

Convective term viscosity Ampeére's force

The terms in red are nonlinear and will lead to interaction between different
scales (crucial for dynamo).

@ The terms in blue lead to dissipation.
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Separation of scales. EOM for large-scale field

@ Analytical model of dynamo can be built only in the case of ideal scale
separation:

)\turbulence < )\Iarge scale fields Tturbulence <K Tlarge scale fields

@ Decompose o o
B =B + b, U=U+u
where averaging is performed on some intermediate scale L.

@ For simplicity, assume U =0

@ The induction equation gives

_ 1
HB= -V’B + VxE&

magnetic diffusion  source of instability

E =[uxb] — the electromotive force.
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Infinite chain of equations on correlators

@ Let us consider for a moment that velocity flow u is fixed and J;u = 0. The
dynamics of b is given by

6tb:§V2b+Vx([uxb]f[uxb])+V><[u><§] 2)

@ This equation contains two-point correlator [u x b] (electromotive force) that
is not known. We can find equation on correlator,

8t[u><b]:[ux(&tb)]zg[uxvzb]—i—[uxVx[u><b]]—|—... (3)

@ We see that evolution of the electromotive force depends on other two-point
correlators as well as on three-point correlators

@ Equations of motion for three-point correlators contain four-point correlators,
so we get infinite chain of equations

@ How to break this chain?
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Dynamics of small-scale fields

@ Assumptions:

© fluctuations are small so we can neglect quadratic terms in their EOM
@ gradients of pressure and external forces are negligible

@ Equations of motion:

{atb ~1V?h =V x [ux B],

deu — vV2u = 47}W{[V x B] x b+ [V x b] XE},

o Expanding b= b + bW[B] + ..., u=u® + uM[B] + ..., we get for the
electromotive force

E = [u® x b 4 [u® x bV, 4 [u® x b, + ...
—0 "

linear in B
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|deal case v =1/0 =0

@ Equations of motion:

0:b =V x [u x B],
{8tu: L {[VxE]xb+[V><b]x§},

Ampp

9
t—T1

b = [ drV x [u® x B](t — 1),
u® = | dT{[V x B] x b + [V x b©] x E}

o Electromotive force:

W [u(©) x b(l)]i + [u® x b(O)]i —

I

- /dT[u(O)(t) x [V x [u©(t — 7) x B]]] + similar with b© =

1 _
isotropic turb.| =~ —§ / dTu(O)(t) X [V X U(O)(t — T)]B _

1 —
- g/cm:w)(t)u(f))(t — 1)V x B] + similar with b® =

= aB - B[V x B].
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General case

@ Assumptions for the field B:

@ slowly varying is space and time
@ weak enough, so that [u®| < [u©|, |pV| <« ||

@ Expand the integrand

£ = /Ooo df/vd% {Afj(t, xi 7, €)Bj(t — 7, x + )+

OBj(t — 1, x+§&)
+
8Xk

+ Bij(t, x; 7, §)

e Ajj, Bjj are nontrivial for |£]| ~ Arbulence aNd T ~ Tyurbulence- B is constant
on these scales:

- 0B;(t,
Ei = Oé,'ij(t, X) + 5,]';(7]( X) +
6Xk
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Homogeneous and isotropic turbulence

@ For homogeneous and isotropic fluctuations, ajj o< 5, Bijk o €k, so that

€ =aB - B[V x B]

o Coefficients o and [ are expressed in terms of the background turbulence
correlators:

aB) 1 ~av)

u® . [V x u®)]

o =

b . pO7 _
3 A4rmup [V x ]

((C)
B = %(u(o))z

o Characteristic times 7(@B), 7(aU) +(5) are of the order Tiurbulence. They arise
when we replace time integrals with local expressions (neglect memory
effects)

/ dra(Ou(t — ) ~ 7D a6
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« and [ effects

@ Under several assumptions (weak, slowly varying B, homogeneous and
isotropic turbulence, neglecting memory effects) we finally have the
expression for the electromotive force:

€ =aB - 3]V x B

e Induction equation for the large-scale field B reads as
_ 1 _ _
0:B = (; + B)V?B + |V x B].

o Coefficient 3 leads to stronger dissipation of the magnetic field

o Coefficient « is analogous to the CME current and leads to instability.

@ Thus, correlators of the type b- [V x b], u - [V X u] (which violate parity)
are responsible for the instability.
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Attempt to take into account backreaction

@ If a = const, magnetic field grows exponentially. Naturally that some
mechanism of backreaction should exist to stop this growth. One can try to
derive the equation of motion for «.

@ Additional assumptions:

@ o depends on full fluctuations, not on the background ones, i.e., u® — u,
b® — b

@ Fluctuations are dominated by one (energy caring) mode with momentum g

© Energy of fluctuation is constant (equivalent to weak B and small dissipation)

@ Neglecting higher than first derivatives of B

o EOM for « reads

4 , _
O = —ngTB T=(v+ %)qza

backreaction dissipation

where a new quantity appeared

1] -
M= —?[(3@')“ x bl;
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@ Using the single-mode approximation for fluctuations and symmetry
properties, we conclude that

1 1
M= —?[(8;8j)u x b]; = ?[(q;qj)u x b); = c&;, c=0(1).
e Using that £ = [u x b] = aB — B[V x B], we rewrite EOM for a:

4 — 4 — —
Orav = — —Cq2732 + v+ %)qz]a + —quTBB [V x B]
b:a))ckreaction dissipation 3
@ Indeed, nonzero §2 leads to the decrease of «. This will finally stop the
growth of magnetic field.

@ Note, that we got completely analogous equation as in the case with chiral
anomaly

Ops = —(Te +TF)us +  Sg
~B° xB-[V xB]|
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Conclusion

Physics of the dynamo effect is qualitatively similar to that of the chiral magnetic
effect:

The parity violation leads to the electric current j < B which leads to an
instability in Maxwell’s equation

Only one helicity is amplified — resulting magnetic field is helical

The energy is pumped from the subsystem which initially violates parity
(fermions in CME, small-scale turbulence in dynamo)

The backreaction leads to amelioration of instability (in CME this is due to
conservation of chirality+helicity; in dynamo this is also connected to
conservation of total large- and small-scale helicity)

As us or o decreases, the modes with longer and longer wavelength are
amplified: inverse cascade process
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There are, however, difficulties in the derivation of effective mean-field dynamo
theory:

@ We have not just one pseudoscalar function ps, but two small-scale vector
fields u and b.

@ EOM for these quantities are, generally speaking, nonlinear

@ Expression for the electromotive force £ = aB — B[V x B] is approximate
and the underlying assumptions seem to be violated once the magnetic field
B gets amplified — therefore, it is more convenient to consider £ as unknown
function and write EOM for it

@ EOM for the small-scale correlators are, in general, not closed as they involve
new and new correlators of different structure

The only possible strategy: to introduce some minimal set of small-scale
correlators whose EOM can be closed under a number of physically reasonable
assumptions.
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Magnetic field measure

@ How do we measure magnetic fields in the Universe?
@ In dense structures we can to measure MFs using the Faraday effect
@ Reminder: the Faraday effect causes a polarization rotation A6,

3
AO=RMX%,  RM = / n.Bydt, 4)

o Typical values of the observed MFs: ~ 1078 G in galaxies and central parts
of clusters, ~ 1078 G in filaments between two close clusters [2101.09331]

NGC 1275
0.050
5.x10712 s
— 0.010 s 1.x107
i 0.005 — -6
g 2.x10°12 % 95.x10
S ® o
< 5 200 1.x10712 € e
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[1907.05475]
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Magnetic fields in voids
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@ ~-ray astronomy has a potential to measure long-range magnetic fields in
the Intergalactic Medium (IGM)
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Magnetic fields in voids
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@ ~-ray astronomy has a potential to measure long-range magnetic fields in
the Intergalactic Medium (IGM)

A. Boyarsky (UL)

MF amplification

September 30, 2022




@ Magnetic bubbles are produced by the outflows caused by AGNs and
supernovae
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MFs in bubbles forget initial conditions
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@ At z = 0 for MFs with B > 1072 G there is no longer a preferred
direction of the field (for seed field was along z axis with B = 107 ¢G)

@ Over-magnetized bubbles formed quite recently, at redshifts z < 2

@ Simulated magnetic fields in bubbles “forget” the initial orientation of the
seed magnetic field!
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MFs in bubbles forget initial conditions
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@ Moreover, different seed magnetic field values results in similar distribution of

magnetic field in bubbles
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B>Bmin and ne<ne max, z=0
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e At z =0, the magnetic field is stronger than 10712 G in 15% of the volume,
while it is stronger than 107° G in 3% of the volume

@ Alternatively, we can measure the fractional length, for a given line of sight,
which intersects a strong magnetic field B > 10712 G

@ We show the result for a sample of 1000 random sight-lines of length
100 Mpc
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Cosmological magnetic fields observed?

Neronov & Vovk, Science (2010); Dolag et al. (2010); Tavecchio et al. (2011)
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magnetic fields [Taylor etal. & | -l
(2011)] =
o Can the lower bound be —14
affected by bubbles?
-16
-18
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log(Ay [Mpe])
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Influence of over-magnetized bubbles

@ The electron-positron pair could be created anywhere along the line of sight.
Over-magnetized bubbles have volume filling fraction of 10 — 15%, so it
seems that their presence should not significantly influence the
secondary emission

10°

@ This is correct only for the 10
gamma-rays with long enough -

mean free path (MFP) S 1000

o Highest-energy gamma-rays have % 100

short means free path and 10

secondary emission from them is
sen§|t|ve to the local 1 10 100 1000 10° 10°
environment around the source E, [GeV]
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Influence of over-magnetized bubbles
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1078 1
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@ Each individual source can be unlucky enough the have an extended
over-magnetized bubble along the line of sight to the Earth

@ In our recent paper [2106.02690] we make a preliminary study of this effect.
We found that for individual objects 70% of energy of secondary emission was
lost, but for most of the systems the missing energy fraction is below 50%

@ One way to deal with this problem is to increase statistic. With CTA we will
be significantly increase amount and quality of observed sources
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Example 2: propagation of UHECR

@ The identification of the sources of

60 T
ultra-high energy cosmic rays ”““‘“/ o T, e
(UHECRS) is one of the central e * ‘

problems of astroparticle physics ’ / b

@ No strong signatures of sources

have been seen in the data so far — L o
30 \ - V

the observed UHECRs show a
surprisingly high level of isotropy,
with no significant small scale [J. Matthews, 2017]
clustering

@ This absence of small scale clustering is believed to arise from the deflection
of UHECRs in magnetic fields during their propagation between the
sources and Earth

5
4
3
2
1
0
-1
-2
3
-4

@ For protons outside of the galactic plane with energy 5 x 10'° eV the
deflection angles is ~ 1° [1904.08160]

@ What is a contribution of outflow-driven bubbles to the total deflection angle?
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Example 2: propagation of UHECR

L=110 Mpc
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Deflection distribution

@ The distribution of deflection angles is quite wide with an average value
around 1° [2101.07207]

@ The influence of intergalactic magnetic fields on the propagation of the
UHECRSs could be important and must to be taken into account when
searching for the sources of these particles
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Chiral anomaly

@ Gauge interactions respects chirality (D, = 0, + €A,,). ..

—" (D +o-D) <¢L> .
i(D; — o - D) e YR

.. but the difference of left and right-movers is not conserved once the
quantum corrections are taken into account — chiral anomaly

dQ57d(NL_NR 3 3
= [ex(ou) = 42/"“53

Ay
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Axial anomaly at finite densities

Helical B # 0

—— -—— -HE
— —
— —

m u;, — Fermi level for left
fermions

m pp — Fermi level for right
fermions

m Change helicity of B-field = due to axial anomaly of N, g changes:

f
5NL,R:/ dtNLR
t

/dt—/dVE B

m The energy: 6€ = 6N + ONpup = w/dv,ﬁl -B (1983);
s

Nielsen &
Ninomiya

Rubakov
(1986)

m Free energy of magnetic fields : § F = deMA B
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Free energy of magnetic field

m The free energy for static magnetic fields F[A] has the form

1

FlA] = 5

/d3k AL (k) A (—F) + O(A®)
(magnetic field B = v x A)

m Polarization operator in plasma I1;; should be rotation invariant and
gauge invariant (i.e. transversal: k;II;; = 0). The most general

form:

IL;(9) = (k*0;; — kik)IL(K®)  + ek (k?)

parity-even part parity-odd part
here and below we will speak only about II>(0) that we denote simply by ITy

m Invacuum I, (k) = (uk® — kuk)II(K?
' i n
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Thermal equilibrium and chiral anomaly

m Can have chem. potentials only for conserved charges: no
separate pr, pg in real system — charged fermions are massive!

m If fermions interact with the chiral gauge field (only left components

are charged), then then for the charged particles u$ — u% = 1 Redlich &
Wijewardhana
(1985)

«
Oy = —(pr — pr)
T

1
v Auvors
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Evolution of helicity spectrum

Temperature of primordial plasma [GeV]
_100 50 10 5 1 05 0.1 0.05
10°

»

Q

§ 10

g _Long
wavelength

= modes -

Electroweak QOCD epoch
epoch

Time from Big Bang

Process continues while I'p > Ty (recall that T'p o< pp)
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Analysis of non-linear equations

m The non-linear system of equations:

cwrl B = oE + 2(95§ + Vo5 x E)
T

A%65 + gradient terms = o chirality flip,
71-
B Vs =0,
s =é5

m Tracking solution?

m Take B(z) = B(t)(sin(k2), cos(kz),0). In this case E- B is constant
in space

m — 45 = 05 depends on time only. The gradient terms are not
important. But the equation is still non-linear!

A. Boyarsky (UL) MF amplification September 30, 2022



	Magnetic fields in the Universe
	Chiral magnetic effect
	Mean-field dynamo
	Appendix

