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gravitational waves astronomy

 Advantage

Connection with High Energy Physics — the best

laboratory to test the energy scales EVEN near the Planck

scale

* Disadvantage
Direct detection
is complicated

Gravitational Waves Escape from the
Earliest Moments of the Big Bang
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relic gravitational waves signal

* The very early universe

e Phase transitions
— Bubble collisions
— Sound waves

e Turbulence

— Hydro- turbulence
— MHD turbulence <0 FhGT (CHGTER THAN TV CPoED oe i)l kT

THESE FLUCTUATIONS EXPANDED AND

FORMED WILLS AND VALLEYS IN THE TEXTURE
OF THE UNIVERSE THAT ALLOWED MATTER TO
CLUMP INTO THE MATTER WE SEE TODAY.
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gravitational waves polarization

* If the parity in the early o* .
universe is violated — relic ® e e 0 o "
gravitational waves are

polarized. Linearly polarized
* The standard model predicts

unpolarized gravitational

waves o T

Circularly polarized



LISA sensitivity & electroweak scale physics
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Large Hadron Collider (LHC) vs relic gravitational waves:
Detecting New Physics?



relic gravitational waves
from phase transitions
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physics of phase transitions

N 4 Bubbles of the low-temperature
v phase are nucleated at random
places in the high-temperature
phase. The energy difference
between the two phases creates
an effective outward force on
the bubble, causing it to expand
and as a result collide with other
bubbles.
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bubbles collisions & sound waves

see Mark Hindmarsh and David Weir talks

LISA Cosmology working group logo



primordial turbulence

Vacuum bubbles in the early universe
(unlicensed artist's image)



hydro-turbulence vs. gravitational waves

“Van Gogh's
Turbulent

Mind 10710 ¢ LISA
Captured
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sound waves from turbulence

Aeroacoustic:

9 Sound waves generation

by turbulence

0*T;;
2 2 1]
sV )p - dx;0x;’

Lighthill, 1952
Proudman 1952




aero-acoustic approximation
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primordial MHD turbulence

* primordial plasma is perfect conductor

* interaction between primordial magnetic
fields and fluid (plasma)

* development of turbulence




why primordial MHD?

cosmic magnetic fields
— astrophysical mechanism
— cosmological seeds

observations

— Fermi data — blazars |
Spect ra On the Origin of the Cosmic Radiation

ENRico FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received January 3, 1949)
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

E. Fermi
“On the origin of the cosmic radiation”’,
PRD, 75, 1169 (1949)
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Zeeman splitting

CMB
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Time-delay effect: 10-18Gauss
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TIME DELAY OF CASCADE RADIATION FOR TeV BLAZARS AND THE MEASUREMENT
OF THE INTERGALACTIC MAGNETIC FIELD

CHARLEs D. DEIRMER‘. MassiMo CAVADINE, SOEBUR RazzAQUE'®, JusTIN D. FINKE!, JaMES CHIANG®, AND BenorT Lot

Space Science Division, U.S. Naval Research Laboratory, DC 20375, USA; charl @nrl.navy.mil
2 Dipartimento di Fisica ¢ Matematica, Universiti dell’Insubria, via Valleggio 11, 22100, Como, Italy
3 W. W. Hansen Experimental Physics Laboratory, Kavli Institute for Particle Astrophysics and Cosmology, Department of Physics and
SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94305, USA
4 CNRS/IN2P3, Centre d’ Etudes Nucléaires Bordeaux Gradignan, UMR 5797, Gradignan, 33175, France
540 Université de Bordeaux, Centre d Etudes Nucléaires Bordeaux Gradignan, UMR 5797, Gradignan, 33175, France
Received 2010 November 27; accepted 2011 April 7; published 2011 May 6

ABSTRACT

Recent claims that the strength Bigwr of the intergalactic magnetic field (IGMF) is 210~ G are based on upper
limits to the expected cascade flux in the GeV band produced by blazar TeV photons absorbed by the extragalactic
background light. This limit depends on an assumption that the mean blazar TeV flux remains constant on timescales
Z2(Bigmr/10-'8G)?/(E /10 GeV)? yr for an IGMF coherence length ~~1 Mpc, where E is the measured photon
energy. Restricting TeV activity of 1ES 0229+200 to ~23—4 years during which the source has been observed leads
to a more robust lower limit of Bigyr = 10~'® G, which can be larger by an order of magnitude if the intrinsic
source flux above ~25-10 TeV from 1ES 0229+200 is strong.

A&A 529, Al44 (2011) Astronomy
DOI: 10.1051/0004-6361/201 116441 7
©ES02011 Astrophysws

Extragalactic magnetic fields constraints from simultaneous
GeV-TeV observations of blazars

A. M. Taylor', I. Vovk!, and A. Neronov!

ISDC Data Centre for Astrophysics, Ch. d’Ecogia 16, 1290 Versoix, Switzerland
c-mail: Andrew. Taylor@unige.
Received 5 January 2011 / Accepted 18 March 2011

ABSTRACT

Context. Attenuation of the TeV y-ray flux from distant blazars through pair p ion with i light leads
to the pment of ic cascades and lower energy, GeV secondary y-ray emission. Due to the deflection
of VHE cascade clectrons by extragalactic magnetic fields (EGMF), the spectral shape of this arriving cascade y-ray emission is
dependent on the strength of the EGMF. Thus, the spectral shape of the GeV-TeV emission from blazars has the potential to probe
the EGMF strength along the linc of sight to the object. Constraints on the EGMF previously derived from the gamma-ray data suffer
from an inty related to the i ity of GeV and TeV band observations.
Aims. We investigate constraints on the EGMF derived from observations of blazars for which TeV observations simultaneous with
those by Fermi telescope were reported. We study the dependence of the EGMF bound on the hidden assumptions it rests upon.
Methods. We select blazar objects for which simultaneous Fermi/LAT GeV and Veritas, MAGIC or HESS TeV emission have been
published. We model the development of clectromagnetic cascades along the gamma-ray beams from these sources using Monte
Carlo simulations, including the calculation of the temporal delay incurred by cascade photons, relative to the light propagation time
of direct y-rays from the source.
Results. Constraints on the EGMF could be derived from the simultancous GeV-TeV data on the blazars RGB J0710+591,
1ES 0229+200, and 1ES 1218+304. The measured source flux level in the GeV band is lower than the flux of the expected cascade
Iculated under the ion of zero EGMF. Assuming that the reason for the suppression of the cascade component is
the extended nature of the cascade emission, we find that B 2 10-'* G (assuming an EGMF correlation length of > 1 Mpc) is consistent
with the data. Alternatively, the assumption that the suppression of the cascade emission is caused by the time delay of the cascade
photons the data are consistent with B 2 10-'7 G for the same correlation length.

Key words. astroparticle physics — magnetic fields — radiative transfer



B >3x10" G (A, > 0.03-0.1 Mpq)

improved lower limits

Image by Iugen Vovk

S. Archambault et al. [VERITAS
Collaboration],

“Search for Magnetically Broadened
Cascade Emission From Blazars with
VERITAS,” Astrophys. J. 835, 288
(2017).

M. Ackermann, et al. [Fermi-LAT
Collaboration],

“The Search for Spatial Extension in
High-latitude Sources Detected by the
Fermi Large Area Telescope,”
Astrophys. J. Suppl. 237, 32 (2018).



primordial or astrophysical origin?
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LOWER LIMIT ON THE STRENGTH AND FILLING FACTOR OF EXTRAGALACTIC MAGNETIC FIELDS

K. DoLAG' %, M. KACHELRIEsS®, S. OSTAPCHENKO™*#, AND R. TOMAS’
, ! Universitatssternwarte Miinchen, Miinchen, Germany
< Max-Planck-Institut fiir Astrophysik, Garching, Germany
3 Institutt for fysikk, NTNU, Trondheim, Norway
4D. V. Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia
3 11 Institut fiir Theoretische Physik, Universitit Hamburg, Germany
Received 2010 September 16; accepted 2010 November 25; published 2010 December 21

ABSTRACT

High-energy photons from blazars can initiate electromagnetic pair cascades interacting with the extragalactic
photon background. The charged component of such cascades is deflected and delayed by extragalactic magnetic
fields (EGMFs), thereby reducing the observed point-like flux and potentially leading to multi-degree images in the
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
suggests that the EGMF fills at least 60% of space with fields stronger than ©O(10~'¢ to 10~'%) G for lifetimes of
TeV activity of O(10% to 10%) yr. Thus, the (non-)observation of GeV extensions around TeV blazars probes the
EGMF in voids and puts strong constraints on the origin of EGMFs: either EGMFs were generated in a space filling
manner (e.g., primordially) or EGMFs produced locally (e.g., by galaxies) have to be efficiently transported to fill
a significant volume fraction as, e.g., by galactic outflows.

4. SUMMARY

We have calculated the fluence of 1ES 0229+200 as seen
by Fermi-LAT using a Monte Carlo simulation for the cascade
development. We have discussed the effect of different EGMF
profiles on the resulting suppression of the point-like flux
seen by Fermi-LAT. Since the electron cooling length is much
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 Z 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
v = 107 yr. These limits put very stringent constraints on
the origin of EGMFs. Either the seeds for EGMFs have to
be produced by a volume filling process (e.g., primordial) or
very efficient transport processes have to be present which
redistribute magnetic fields that were generated locally (e.g.,
in galaxies) into filaments and voids with a significant volume
filling factor.
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Figure 4. Cumulative volume filling factor C(B) for the four different EGMF
models found in MHD simulations. -14
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magnetogenesis

F. Hoyle in Proc. “La structure et
I’ evolution de I’ Universe ” (1958)
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magnetogenesis

4 Inflatlon ® Phase transitions
the correlation length larger than — bubble collisions - first
horizon order phase transitions

— scale invariant spectrum QCDPT or EWPT
— well agree with the lower bounds — causal fields
— difficulties: — limited correlation length

« backreaction & symmetries
violations

@ chiral magnetic effect




turbulence modeling

« Coupling of the magnetic « Injection of the magnetic
field with primordial energy at a given scale
plasma (phase transition bubble)
107 i
= 10741 —
‘Eq.fa ]
g 107°
©
g 107°
% !
10_7 } l‘\'.
1 10 100
k/k, p

Kahniashvili, Brandenburg, Ratra, Tevzadze 2010

FIG. 2: Evolution of the turbulent magnetic field after turning off the forcing at time ¢ = 14t1. The By component is shown

on the periphery of the computational domain.



MHD turbulence

Cosmic magnetic field
origin — generation in
the early universe
Primordial magnetic
fields — effects on phase
transition physics
Generation of
turbulence

MHD turbulence decay

PENCIL CODE 3D compressible MHD

Brandenburg, Kahniashvili, Tevzadze, 2015



there is helicity...

e parity (mirror) symmetry breaking
* matter —antimatter asymmetry

— baryongenesis
— leptongenesis Hp(1) = ["3-“A VXA

* chiral magnetic effect




fractional helicity growth
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Fic. 2.— Visualizations of Bz (upper row) and vz (lower row) at three times during the magnetic decay of a weakly helical field with
o = 0.03.
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chiral MHD turbulence
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B: and U= on the periphery of the computational domain for (from left to right) vy /vp = 700, 70, 7, and 0.07 at the last time.

see lgor Rogacheuvskii talk
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FIG. 11: Turbulent evolution of B,ms and &y starting from their upper limits given by the BBN bound and the horizon
scale at the EWPT for the fully helical case (Brms o< E,,_Al/ 2), the nonhelical case (Brms o Eﬁl), and the fractionally helical
case with ey, = 1072, Circles indicate the final points at recombination for zero or partial initial magnetic helicity, the
filled circle marks the fully helical case, and the filled square indicates the case with the initial kinetic helicity. The regimes
excluded by observations of blazar spectra (upper line: limits claimed by Neronov and Vovk [59], based on the consideration
of the expected cascade flux in the GeV band produced by the blazar TeV photons absorbed by the extragalactic background
light, and assuming that the mean blazar TeV flux remains constant; bottom line corresponds to the limits obtained through
accounting for the fact that the TeV flux activity is limited by the source observation period (few years) [60, 61] and BBN
limits are marked in gray. The end of the evolution at recombination is denoted by the straight line given by the relation in
Eq. (36), and the final values of B:ms and &u are indicated for helical and nonhelical scenarios.



inflation generated magnetic fields

Kahniashvili et al. 2012
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FIG. 2: Magnetic (solid) and kinetic (dashed) energy spectra
in regular time intervals. Vortical forcing, v = 107*, Pm = 1.

FIG. 8: Visualization of u; and B; for the run shown in Fig.
4. Potential forcing (plane waves). Run c.

FIG. 6: Visualization of u, and B, for the run shown in Fig.
2. (Vortical forcing, v = 107*, Pm = 1.)

see Sayan Mandal talk



inflationary magnetogenesis
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FIG. 7: Comparison of B, (upper row) and In p (lower row) for o = 1 (left) and o = 0.06 (right).

Kahniashvili et al. 2017

see Sayan Mandal talk



importance of MHD

* Cosmic magnetic fields —
relic seed magnetic fields

* Effects on turbulence
development and
generation of sound
waves (Kulsrud 1955) and
gravitational waves

 Enhancement of the
signal
— Wider ranger of
frequencies
— Larger amplitude

h (f) x 102°

c

10 107 107 107° 107 107
fHz fiHz

FIG. 1. The spectrum of the gravitational wave strain amplitude, h¢(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 (dashed-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, 5o LISA design sensitivity curve [50] including confusion noise from white dwarf binaries [51].

h (f) x 10%°

c

FIG. 2. As in Fig. 1, except now T, = 250 GeV.

Kahniashvili et al. 2008



phase transitions

e Why MHD is
important?

— wider range of
parameters
(higher energy
scales;
supersymmetry)

— Primordial
magnetic field
(inflationary?)
induced
turbulence

E
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FIG. 3: The LISA sensitivity region in the 3/H, and T parameter plane for a phase transition with vacuum energy
a = 0.1 (left top panel) and o = 0.5 (right top panel) [188]. The regions for {, = 0 and (. = 0.15 coincide at these
temperatures for @ = 0.1 (left top panel). The LISA sensitivity region in the o and T, parameter plane (left bottom
panel) with 3/H, = 100 and g, = 100, and in the g, and T}, parameter plane (right bottom panel) with 3/H, = 100
and o = 0.1, [188]. A point in parameter space is considered detectable if at any frequency its value of h.(f) is
detectable at a signal-to-noise ratio of 5 in a one-year integration, including the confusion noise from white-draft
binaries, based on Refs. [137].

Kahniashvili et al. 2008



numerical simulations

To account properly non-
linear processes (MHD)

Not be limited by the short
duration of the phase
transitions

Two stages turbulence
decay

— Forced turbulence
— Free decay

The source is present fill
recombination (after the
field is frozen in)

Results — strongly initial
conditions dependent

see Alberto Roper Pol talk
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The MHD equations for an ultrarelativistic gas in a
flat expanding universe [4, 20] are given by
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gravitational Waves from turbulence

Acoustic turbulence Vortical turbulence

see Axel Brandenburg talk



gravitational waves: results
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FIG. 2: Spectra of hiQcw (f) and h.(f) along with the LISA
sensitivity curves in (i) the 6-link configurations with 5x 10° m
arm length and (ii) the 4-link configurations with 2 x 10° m
arm length after 5 years duration [30, 31]. The dash-dotted
lines indicate the slopes 1 and —8/3 in the upper panel and
—1/2 and —7/3 in the lower.
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conclusions

Primordial turbulence is potentially detectable by LISA

Primordial magnetic fields can serve as seeds for the
observed cosmic magnetic fields.

Presence of primordial magnetic field makes the signal
substantially stronger and allows it to spread over a
wide range of frequencies.

LISA mission offers a possibility to understand the
physics of phase transitions (and possibly
baryogenesis)

Parity violating sources produce circularly polarized

gravitational waves, and the polarization degree might
be around 100% (for fully helical sources).



Thank you!
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