Primordial magnetic fields and relic gravitational
waves: messengers of the first microseconds

A Axel Brandenburg
Cosmological magnetic fields? (Nordita)

Magnetic field generation in the early universe requires large . . ..
‘L scale electric currents, possible during episodes of departure Collaborators: Ch.la ra Ca prini
from thermal equilibrium, all within microseconds from Big Bang (Geneva), Andrii Neronov

(Paris/Lausanne), Franco
Vazza (Bologna)
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Big Bang Nucleosynthesis

* Abundances of light elements
o Hydrogen, helium, lithium
o 75% hydrogen, 25% helium
o Deuterium, helium-3, helium-4, lithium-7

—_— * Baryon to photon ratio

chemical o Affects light element production

elements
- o More baryons, more rapid fusion, depleting deuterium;
P . more helium-4

o Less baryons, preserving more deuterium
Ratio measured to be 6.1x1010

o Consistent with cosmic microwave background

* Neutrino physics
o Number of species affects expansion history



Cosmic Microwave Background

Composition
o 5% baryonic matter
o 26% dark matter
o 69% dark energy (= cosmic acceleration)

. Cosmic inflation
p— o Tiny temperature fluctuations
- o Large-scale homogeneity

B oo o Flatness of space

radiation

Age of the universe 13.8 Gyr

| | o Expansion history: depends on recombination history
oA o Hubble parameter (67 km/s/Mpc) matter content

o Q. =031



neutrons
chemical
elements

Large-Scale Structure

e Dark matter

o Simulations match expansion history only if dark matter included

 Matter-antimatter asymmetry
o Matter formed galaxies, instead of annihilating

e Baryon acoustic oscillations

o Periodic fluctuations in galaxy distributions
o Cosmic ruler

* Weak lensing surveys
o Weaker late-time clustering
o Higher Hubble parameter 73.4 km/s/Mpc
o Lower Q) _=0.26
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Magnetic field: link between very early universe and toda
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Magnetic field: link between very early universe and toda
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Magnetic field: inversely cascading
10-¢ | magnetic field in
ea rly Universe Present-day relic magnetic field parameters are related to
the initial field characteristics. They potentially provide
oo L information on the mechanism of production of the field in
the early Universe.
1072
1071 | L
evolution = 107
X
10712 |- B~ 2pp | 5 10°
= 4 a
I ’
= Wl .
107 |- < 1070 e »
16 10° 10"
k/kq
— i
10-16 Bcomoving =a thysical magnetlc ° Turbulent decay
_ "physical field d o  Magnetic field drives gas motions
A L e———— leld toda g 8
ey a y o  The velocity stirs up the field further
e But: length scale can increase
0" . . : . . , o Energy at large scales (small k) can increase!
10-18 10-15 1012 10~° 10°¢ 1073 10° 103 .

o =2 Inverse cascade

Comoving Az (Mpc)



Comoving horizon scale is small today

100 GeV'\ /100 1/6
Ay, = 5.8 X 10710 Mpc( e )( )

Ty 8%

* Electroweak (EW) energy scale
o 5.8x101Mpc~ 100 AU
o Unless inflationary field, sausally generated fields always smaller

 QCD (quark confinement) energy scale (T.=0.15 GeV, g.=15)
o 0.5pc~100000AU

£ 18 %107 Hy) (2 (L
= e ; Z — :
T T4 15 150 MeV

* Use GWs to pinpoint starting point of magnetic field evolution
o End points on a universal line B vs length scale
o EW enery scale corresponds to 0.2 mHz




Large-scale magnetic fields from hydromagnetic turbulence in the very early universe

Axel Brandenburg*
Nordita, Blegdamsvej 17, DK-2100 Copenhagen @, Denmark

Kari Enqvist’
Department of Physics, P.O. Box 9, FIN-00014 University of Helsinki, Finland

Poul Olesen*
The Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen @, Denmark

(Received 1 February 1996)

We investigate hydromagnetic turbulence of primordial magnetic fields using magnetohydrodynamics
(MHD) in an expanding universe. We present the basic, covariant MHD equations, find solutions for MHD
waves in the early universe, and investigate the equations numerically for random magnetic fields in two spatial
dimensions. We find the formation of magnetic structures at larger and larger scales as time goes on. In three
dimensions we use a cascade (shell) model that has been rather successful in the study of certain aspects of
hydrodynamic turbulence. Using such a model we find that after ~ 10’ times the initial time the scale of the
magnetic field fluctuation (in the comoving frame) has increased by 45 orders of magnitude as a consequence
of an inverse cascade effect (i.e., transfer of energy from smaller to larger scales). Thus at large scales
primordial magnetic fields are considerably stronger than expected from considerations which do not take into
account the effects of MHD turbulence. [S0556-2821(96)02712-9]



Inverse cascade since the 1970s (driven turbulence)

J. Flurd Mech. (1975), vol. 68, part 4, pp. 769-778 769
Printed in Great Britain

Possibility of an inverse cascade of magnetic helicity
in magnetohydrodynamic turbulence
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Strong MHD helical turbulence and the nonlinear
dynamo effect
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Collapsed spectra and pg d|agrams pi

Brandenburg & Kahniashvili (2017)
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Magnetic field at the moment of generation: gravitational wave
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Gravitational waves & polarization

traceless-transverse
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Brandenburg et al (2021)
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Comparison with Pulsar Timing Arrays
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Correspondence with (magnetohydrodynamic) turbulence
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Examples of magnhetogenesis in cosmology

(i) Gradients in Higgs field (ii) Chiral magnetic effect (iii) Conformal invariance breaking
(electroweak epoch) (during inflation)
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Kibble mechanism for electroweak magnetic
monopoles and magnetic fields

Hypermagne

tic fields from Higgs field gradients

Teerthal Patel and Tanmay Vachaspati

Physics Department,
Tempe, AZ 85287, U

Arizona State University,

E-mail: tpatel28Qasu.edu, tvchasp@asu.edu

ABSTRACT: The vacuum manifold of the standard electroweak model is a three-sphere when
one considers homogeneous Higgs field configurations. For inhomogeneous configurations we
argue that the vacuum manifold is the Hopf fibered three sphere and that this viewpoint
leads to general criteria to detect electroweak monopoles and Z-strings. We extend the
Kibble mechanism to study the formation of electroweak monopoles and strings during
electroweak symmetry breaking. The distribution of magnetic monopoles produces magnetic
fields that have a spectrum By o< A™2, where A is a smearing length scale. Even as the
magnetic monopoles annihilate due to the confining Z-strings, the magnetic field evolves

with the turbulent plasma and may be relevant for cosmological observations.

Ke
Nonperturbative Effects
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(ii) Chiral magnetic effect: 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 i) * 2 electriccurrent
, , , & | & |,
* Number differences of left- & right- ¢ Self-excited dynamo s =P Tj
. ) <?’L ) CME
handed fermions - But depletes p | FiPs
ts = 24 Qem (N1, — NR) (i’i,c/kBT)Qj
€ %—‘jzn(uB—VxB)+UxB

Right-handed: Left-handed:

® - ® - o = | k| -7k’ B=curlA




Time dependence from chiral magnetic effect (CME)

* Exponential growth 10°) Growth at one wavenumber
at one k ; Then: saturation caused by
_ s 10° initial chemical potential
* Subsequent inverse 3 _—
cascade > o g—
. & 2 0.001
* Always fully helical = \ oo
t = 555 10 .
107
10_4_ —-0.002
< 107
& 100 e e N Y o o0
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Brandenburg et al. (2017, ApJL 845, L21)



(iii) Inflationary magnetogenesis

* Early Universe Turbulence
o Source of gravitational waves
o Information from young universe

Ey(k), Eg(k), and Egy(k)

1 10 100

* Magnetogenesis &

o Inflation/reheating
o No particles yet, no conductivity Lf2F " FHY gs:f(;igizglar (axion]
o Coupling with electromagn field

foF B, f(a)=a=?, wherea = (74 1)%/4
o Breaking of conformal invariance . ) N -
o Quantum fluct = field stretched + T (k + 2Lk7 B f) As =0,

A (19 L) A= fro28 " 2B(28+1)
a" 6 foon+1l f (n+1)2
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Kerr & Brandenburg (1999)

Magnetic helicity

H,= [A-d¢ [B-dS
H=120,0, Ll/ > \

Therefore the unit is :!WA‘dSZCDz =,

Maxwell squared




., Vachaspati (2017)

AB, Kahniashvili, ..

. Magnetic helicit A-B cm? 572 Mm(t) x (A - B)Y1/3¢2/3
Conservation laws — eoe iy Wu o, Sl s
Hosking integral Iy cm? s~ Em(t) oc I/ 21479
Ew "~ <A.B> t2/3 Saffman integral I G &= Em(t) o I§/5t2/5
Loitsyansky integral I, cm’ 57?2 Em(t) o Ié/ 42/

cm ~ (cm3/s?) s2/3

Magnetic energy dependence
Parametric representation

magnetic energy k= p/2q
Em(t) x (A-B)2/3t=2/3 o ¢ M/?
Em(t) oc (AZ)/2¢ o &y
o Em(t) o Ilzl/gt—m/9 x 1\_,15/4
2.4x10° nG Em(t) IS/5t—6/5 - 51\_/13/2
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Resistive slow-down of turbulent decay

107* | - :
J horizon at EWPT ~ BBN * Endpoints under assumption that
107° decay time = Alfven time
107° * Use: decay time = recombination
- time
N * Possibility: decay time >> Alfven time
10~
* - Premature endpoint of evolution
107"
10—16

107*® 107° 10°°® 10™ 10™ 107°
En [MPC]



Resistively controlled primordial magnetic turbulence decay

A. Brandenburg!234% A Neronov®”, and F. Vazza®910
Relation between decay time
771 = —dln &y /dt
and Alfven time
TA — gM /'UA En = B2, /200 = pv} /2

Determine C,, in relation:

T = CMEM/’UA

100_1"] T T rrrrry T T T rrel T T Trrrrrr T T VVY-
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Backtracing of magnetic field evolution
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Structures highly dynamical:
outflow not opposed by viscosity
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Indirect detection of the IGMF

Signatures of an IGMF in y-ray observation

- Excess y rays at lower energies

[e.g. Neronov & Semikoz 2008]

- Extended y-ray halos ianaronian et al. 19941
- Time delayed y-ray emission ipiaga190s)

- Biggest uncertainty: blazar duty cycle

[Dermer et al. 2011]

Courtesey: Manuel Meyer




Lower limits from blazar observations

Constraining the Astrophysical Origin of Intergalactic Magnetic Fields e ©
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Abstract

High-energy photons can produce electron—positron pairs upon interacting with the extragalactic background light.
These pairs will in turn be deflected by the intergalactic magnetic field (IGMF), before possibly up-scattering
photons of the cosmic microwave background, thereby initiating an electromagnetic cascade. The nonobservation
of an excess of GeV photons and an extended halo around individual blazars due to this electromagnetic cascade
can be used to constrain the properties of the IGMF. In this work, we use publicly available data of 1ES 02294200
obtained with the Fermi Large Area Telescope and the High Energy Stereoscopic System to constrain
cosmological MHD simulations of various magnetogenesis scenarios, and find that all models without a strong
space-filling primordial component or overoptimistic dynamo amplifications can be excluded at the 95%
confidence level. In fact, we find that the fraction of space filled by a strong IGMF has to be at least f = 0.67, thus
excluding most astrophysical production scenarios. Moreover, we set lower limits of By> 5.1 x 10°'% G
(Bo> 1.0 x 10 " G) for a space-filling primordial IGMF for a blazar activity time of Ar= 10" yr (Ar= 10" yr).
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Vazza et al. (2017)

Similar constraints also from radio observations

<B>[uG]
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* Filaments: compressed
magnetic fields?

* Magnetic fields in the low
density regions tend not
to come from dynamos

 Similar for outflows
(astrophysical sources)



Magnetic fields at recombination: Hubble tension

Relieving the Hubble Tension with Primordial Magnetic Fields

Karsten Jedamzik"" and Levon Pogosian
'Laboratoire de Univers et Particules de Montpellier, UMR5299-CNRS, Universite de Montpellier, 34095 Montpellier, France
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2 : o . .
“Department of Physics, Simon Fraser University, Burnaby, BC V5A 156, Canada

3Institute of Cosmology and Gravitation, University of Portsmouth, Portsmouth POI 3FX, United Kingdom
® (Received 28 April 2020; revised 20 July 2020; accepted 10 September 2020; published 28 October 2020)

The standard cosmological model determined from the accurate cosmic microwave background
measurements made by the Planck satellite implies a value of the Hubble constant H, that is 4.2 standard
deviations lower than the one determined from type Ia supernovae. The Planck best fit model also predicts
higher values of the matter density fraction Q,, and clustering amplitude Sg compared to those obtained
from the Dark Energy Survey Year 1 data. Here we show that accounting for the enhanced recombination
rate due to additional small-scale inhomogeneities in the baryon density may solve both the H and the
Sg-Q,, tensions. The additional baryon inhomogeneities can be induced by primordial magnetic fields
present in the plasma prior to recombination. The required field strength to solve the Hubble tension is just
what is needed to explain the existence of galactic, cluster, and extragalactic magnetic fields without relying
on dynamo amplification. Our results show clear evidence for this effect and motivate further detailed

studies of primordial magnetic fields, setting several well-defined targets for future observations.
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tools are available to explore “full” intergalactic / cosmological magnetic fields parameter space, from the

Summary:

moment of creation to recombination and throughout structure formationupto z = 0

Interplay:

Gamma-ray, radio, CRs

GWs, CMB
simulations
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Nonlinear Feedback of the Electrostatic Instability on the Blazar-induced Pair Beam and
GeV Cascade
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Abstract

Relativistic pair beams produced in the cosmic voids by TeV gamma-rays from blazars are expected to produce a
detectable GeV-scale cascade that is missing in the observations. The suppression of this secondary cascade
implies either the deflection of the pair beam by intergalactic magnetic fields or, alternatively, an energy loss of the
beam due to the beam-plasma instability. Here, we study how the beam-plasma instability feeds back on the beam,
using a realistic two-dimensional beam distribution. We find that the instability broadens the beam opening angles
significantly without any significant energy loss, thus confirming a recent feedback study on a simplified one-
dimensional beam distribution. However, narrowing diffusion feedback of the beam particles with Lorentz factors
less than 10° might become relevant, even though initially it is negligible. Finally, when considering the
continuous creation of TeV pairs, we find that the beam distribution and the wave spectrum reach a new quasi-
steady state, in which the scattering of beam particles persists and the beam opening angle may increase by a factor
of hundreds. Understanding the implications on the GeV cascade emission requires accounting for inverse-
Compton cooling.



Conclusions

* Selfsimilar decay
o Magnetic helicity plays a role even when it vanishes on average!
o Hosking integral conserved relevant for early universe
o Perhaps also for galaxy clusters (after mergers)

* Universe as a whole = primordial (non-astrophysical) fields
o Decay till recombination: < 0.1 nG fields, 1 kpc scales at best (phase transitions)

o Larger scales from reheating scenarios

o If nonhelical: Hosking integral conserved

o Also applies to fully helical, if balanced by fermion chirality
]
|

* Inflationary: large scales, often helical
[=]:

o Electric energy = kinetic energy
o Circularly polarized waves

* What next?
o Reconnection
o Rm dependence
o magnetic helicity fluxes



Note on the Pencil Code

2001 started at Summer School

2004 First User Meeting
* Annually since then

2016 Steering Committee
2020 Special Issue in GAFD
2020 Newletter

* Good references to code updates

2020 Office hours
e Second Thursday of the month

JOSS=Journal for Open Source
Software: code rather than paper

J&SS

The Journal of Open Source Software

Editor: Arf
Reviewers:

Submitted: 17 September 2020
Published: 21 February 2021

License

Authors of papers retain
copyright and release the work
under a Creative Commons
Ateribution 4.0 International
License (CC EY 4.0).

The Pencil Code, a modular MPI code for partial
differential equations and particles: multipurpose and
multiuser-maintained

The Pencil Code Collaboration!, Axel Brandenburg® > ?, Anders
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Astronomy, Stockholm University, Sweden 3 McWilliams Center for Cosmology &: Department of
Physics, Camegie Mellon University. PA, USA 4 GLOBE Institute, University of Copenhagen,
Denmark 5 Space Research Institute. Graz, Austria b Institute of Physics, University of Graz, Graz.
Austria 7 Bruker, Potsdam, Germany 8 MNew Mexico State University, Department of Astronomy,
Las Cruces, MM, USA O Astroinformatics, Department of Computer Science, Aalto University,
Finland 10 Gesellschaft fir wissenschaftliche Datenverarbeitung mbH Gattingen, Germany 11
SINTEF Energy Research. Trondheim, Norway 12 Norwegian University of Science and Technology,
Morway 13 Bank of America Merrill Lynch. London, UK 14 Schocl of Mathematics, Statistics and
Physics, Newcastle University, UK 15 Mo current affiliation 16 University of Nevada, Las Vegas,
USA 17 Miels Bohr International Academy, Denmark 18 CINES, Montpellier, France 10 School of
Mathematics and Statistics, University of Glasgow, UK 20 Max Planck Institute for Sclar System
Research, Germany 21 Institute for Astrophysics, University of Géttinge, Germany 22 Indian
Institute of Astrophysics, Bengaluru. India 23 Department of Physics & Astronomy, Bates College.
ME. USA 24 Laboratoire d'Astrophysigue, EPFL, Sauverny, Switzerland 25 Avignon Université,
France 26 Institute of Thermal Technology. Silesian University of Technology, Poland 27 Radboud
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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 comprassible hydrodynamics and has lots of add-ons ranging from astrophysical
magnetohydrodynamics (MHD) (A, Brandenburg & Dobler, 2010) to meteorological cloud
microphysics (Li et al., 2017) and engineering applications in combustion (Babkovskaia et
al. 2011). Mevertheless. the framework is general and can also be applied to situations
not related to hydrodynamics or aven PDEs, for example whan just the maessage passing
interface or input/output strategies of the code are to be wsed. The code can also evolve
Lagrangian (inertial and noninertial) particles, their coagulation and condensation, as well as
their intaraction with the fluid. A related medule has also been adapted to perform ray tracing
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Further todos

* lonization evolution during recombination
o How important is departure from equilibrium?
o Can we use Saha equation?

* How are the endpoints affected by this
o Positive or negative shift?

* Clumping factor
o Affects sound horizon
o Hubble tension

* Including dark Matter evolution
o Selfgravity and particles already in the Pencil Code
o But nobody used it yet for dark matter modeling



Magnetic field at the moment of generation
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Piecewise nonhelical initial field
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Columnar initial fields
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Cascades
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Primordial magnetic fields and relic gravitational
waves: messengers of the first microseconds

Axel Brandenburg

Cosmological magnetic fields?

- — . . (Nordita)
L Magnetic field generation in the early universe requires large
¥ scale electric currents, possible during episodes of departure . ..
from thermal equilibrium, all within microseconds from Big Bang Collaborators: Chiara Caprini
I——— - (Geneva) Andrii Neronov
neUtrons (Paris/Lausanne), Franco

chemical Big Bang Nucleosynthesis

elements

Vazza (Bologna)

400 000 years

Cosmic Microwave Background



Overview

Contemporary magnetic fields: dynamo action (kinetic 2 magnetic energy)
o Works generically in turbulent flows (allows irreversible foldings of field lines)
o In stars and galaxies: also large-scale fields (solar 11-yr cycle)
o Typically in flows with helicity per hemisphere (EMF in direction of B-field: a effect)
o Alternatively: just small-scale dynamos: probably in galaxy clusters

Primordial magnetic fields: best contrained in voids (GeV gamma rays)
o But: also contamination from outflows

MHD: when electrically conducting (displacement current unimportant)
o Different during inflation: electromagnetic waves (destabilized at large scales?)
o Charge-separation almost always unimportant!

Relic gravitational waves (GWs): they don’t decay
o Direct probe of turbulence and magnetic fields at time of generation
o GW spectrum related to turbulence spectrum
o Circular polarization: related to kinetic and magnetic helicity



Magnetic field evolution

* During radiation-dominated era

o Possibilities of kinetic energy from phase transitions = dynamo action (but need vorticity)

o Conversion of chiral chemical potential to magnetic energy (chiral magnetic effect)
o Higgs field

e Turbulent decay (unless always perfectly uniform)
o Characterized by a spectral peak (k,.,) = generic turbulence spectrum for higher k
Turnover time (u,, kpeak)'1 and/or Alfven time (v, kpeak)'1 govern speed of decay

But possibility of inverse cascade (increase of spectral energy at low k)
Most efficient for helical fields (also slower decay)

Even nonhelical decay faster than hydrodynamic decay

 Magnetic fields as a probe of the first microsecond of the universe
o End points on a universal line B vs length scale

O O O O



Primordial magnetic fields and relic gravitational
waves: messengers of the first microseconds
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