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looking backward — Cauchy’s problem
big bang nucleosynthesis
cosmic microwave background
gravitational waves
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Brief History of the Universe
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https://astronomy.com/magazine/news/2021/01/the-beginning-to-the-end-of-the-universe-inflating-the-universe




Cauchy Problem at Work
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Today: Cosmic Magnetism




Cosmic Magnetic Fields

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

PHYSICAL REVIEW VOLUME 75, NUMBER 8 APRIL 15, 1949

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



Blazars Spectra Observations:

A. Neronov & E. Vovk,” Evidence for Strong Extra-
galactic Magnetic Fields from Fermi Observations
of TeV Blazars”, Science 328, 5974 (2010)
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V. A. Acciari et al. [MAGIC Collaboration] “A Lower Bound on Intergalactic
Magnetic Fields from Time Variability of 1ES 0229+200 from MAGIC and Fermi/
LAT Observations” arXiv: 2210.03321

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 (20138).



WO Scenarios

Astrophysical Scenario(s)

® The seed is typically very weak and the magnetic field is
transferred from local sources within galaxies to large
scales

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

Donnert et al. 2008

Cosmological Scenario(s)

® The seed is generated prior to galaxy formation in the
early universe on scales that are large now



Primordial or Astrophysical Origin?
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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 -14 :
TeV activity of O(10? to 10*) yr. Thus, the (non-)observation of GeV extensions around TeV blazars probes the 8 9 10 11 12 13 14
EGMF in voids and puts strong constraints on the origin of EGMFs: either EGMFs were generated in a space filling I E/

manner (e.g., primordially) or EGMFs produced locally (e.g., by galaxies) have to be efficiently transported to fill ogm( OV)

a significant volume fraction as, e.g., by galactic outflows.
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4. SUMMARY

We have calculated the fluence of 1ES 0229+200 as seen
by Fermi-LAT using a Monte Carlo simulation for the cascade
MHD (x) development. We have discussed the effect of different EGMF
profiles on the resulting suppression of the point-like flux
MHD Gai 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 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
t = 10% yr. These limits put very stringent constraints on
o 7 s . " o the origin of EGMFs. Either the seeds for EGMFs have to
10 10 10 10 107 10 be produced by a volume filling process (e.g., primordial) or

B(G) very efficient transport processes have to be present which

Figure 4. Cumulative volume filling factor C(B) for the four different EGMF redistribute magnetic fields that were gener ated loca"y (e-g-’

o 107

102

models found in MHD simulations. in galaxies) into filaments and voids with a significant volume
(A color version of this figure is available in the online journal.) filling factor.
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Primordial Magnetogenesis

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

inflation

phase transitions
supersymmetry
string cosmology
topological defects




Primordial Magnetogenesis

> 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: = |imited correlation length

« backreaction & symmetries
violations

» chiral magnetic
effect




Testing the Early Universe

TIME AFTER THE BIG BANG
1035Sec 10°Sec 3Sec 10,000 Yrs 300,000 Yrs 300 Million
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https://visav.phys.uvic.ca/~babul/AstroCourses/
P303/BB-slide.htm

magnetic field origin
red-inflation
yellow- phase transitions

https://www.quantamagazine.org/the-hidden-
magnetic-universe-begins-to-come-into-
view-20200702/



Primordial Turbulence

* primordial plasma is perfect conductor

* 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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High Resolution 3D Compressible
MHD Simulations - Decay
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FIG. 2: pq diagrams for cases (i)—(iii). Open (closed) symbols correspond to i = K (M) and their sizes increase with time.

TABLE I: Scaling exponents and relation to physical invari-

ants and their dimensions.

p

q

nv.

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] =

§ o t9,

(26~

Ei(t) ~t7Pi fori = K or M

Brandenburg & Kahniashvili 2017
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FIG. 3: Euy (solid) and Ex (dashed) in MHD with fractional helicity and o = 2 (a), as well as full helicity and a = —1 (d),
together with compensated spectra (b,e) and the pg diagrams (c,f).




Cauchy Problem at Work - BBN

®* Big Bang Nucleosynthesis

® [imits on effective number of relativistic species N
N = 3.046 Salas & Pastor 2016

+ CMB data Ny = 2.862 + 0.306 at 95% C.L. Fieldsetal. 2019
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N...: BBN and CMB limits
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BBN & Primordial Magnetic Fields

e Extra radiation like energy density less than ~39 of the
radiation energy density at BBN

AN
0.122

Padd
Prad

=0.277( ); AN,sr = Negg — N

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

® Accounting for the magnetic field decay:

® The magnetic energy density does not exceed the
radiation energy density at the moment of generation

e BBN bounds are satisfied
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Possible turbulent evolution of the comoving MF strength B (and correlation length &, from

generation at the EW and QCD scales in the cases of fully helical (8 =0 ), nonhelical (B8 =1, 2, 4),

and partially helical MHD turbulence. Upper limits on &, are determined by the size of the horizon

and number of domains (bubbles) at generation, ranging from 1 to 6 (at QCD) or 100 (at EV
anding on the PT modeling. Lines terminate (on the right) at recombination (T = 0.25 eV
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Cauchy Problem

CMB
last scattering

fraction
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https://www.forbes.com/sites/startswithabang/2021/01/15/ask-

ethan-how-does-the-cmb-reveal-the-hubble-constant/

http://abyss.uoregon.edu/~js/
ast123/lectures/lec23.html




-— temperature is space flat how much of the universe
— E-mode polarisation or curved? is ordinary matter?
1.E+04 — - B-mode polarisation T / /
how many light relic ~—
1.E+02 — particles are there?
&
§. when did the
= ?
= 1.E+00 — first stars form?
2
o
% 1E-02 !
. 7 - what is the mass
Il - of the neutrino?
r=0.01
1.E-04 — T
r=0.001 ? when did
inflation happen?
1 10 100 1000
multipole

Power spectra The temperature and polarisation power spectra of the CMB, illustrating features that

can answer key questions in cosmology and fundamental physics. The CMB polarisation is

ecomposed into a curl-free E-mode and divergence-free B-mode by analogy with electromagneti

tifying the scalar-to-tensor ratio (the size of the B-modes relative
rum). Credit: J Borrill




Primordial Magnetic Fields & CMB
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Looking for the origin of
cosmic magnetism

by Daniela Paoletti

Harrison PMFs on a 60 Mpc distance

today, Hutschenreuter et al. 2018 - density perturbations -
scalar mode

Gravitational Magnetic Fields or - Fast and slow

perturbations  Turbulent source magnetosound waves

 vorticity perturbations -

vector mode
 Alfven waves

gravitational




CMB Imprints

® Polarization B-mode P
® Additional source from the e g

10~!f — PMF vector+lensing
PMF tensor+PMF vector+lensing

vector (vortical) and tensor
(gravitational waves) modes

® Parity-odd cross
correlations = ol

® Faraday rotation

(I + 1)Cy/ 2 [uK?]

—4 M A MR I N PR >
10 10! 10? 10
1
E-maodes
N | s o FIG. 4: A representative B-mode polarization power spec-
gl | | trum sourced by a scale-invariant PMF. Shown are the passive
e | = B tensor mode (green), the compensated vector mode (orange),

the gravitational lensing contribution (blue) and the combi-

s nations of the lensing and vector B modes (red) and all three

| - N | components (magenta). The PMF contribution is based on

e \_ N Z _/ Bismpe = 2.5 nG, n = —2.9, a, /apmr = 10°. The data points
/ N are from the POLARBEAR first-season B-mode power spec-

trum. The third point is the 95% upper limit assuming the
band power is positive.




CMB Challenges: Foregrounds

g

70 GHz (4.3mm) 353 GHz(850 um) o

Unpolarized “é
Emission ,(1:
Z
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Bennett et al. 2013
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vS‘

Polarized
Emission

https://sites.northwestern.edu/blast/diffuse-ism-cmb-foregrounds/

RMS brightness temperature (uK)

Maps of the intensity of polarized and unpolarized galactic
emission at CMB millimeter wavelengths (left) and submillimeter 0 s 10 a0 1000

Sclensths (right). Planck 2015 Results X

Lambda Data PrOductS C a0 44 70 100 143 217 353

https://lambda.gsfc.nasa.gov/
product/foreground/
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Cauchy Problem at Work:

Gravitational Waves

Big Bang

an

» Supermassive Black Hole Binary Merger

Compact Binary Inspiral & Merger
e . .

s | Extreme Mass- Pulsars,

Ratio lnsgirals_ e Supernovae @

age of the Wave Period
universe years hours seconds milliseconds
1077 10 1072 1077 10° 10° 10~ 10% 1 107

Wave Frequency

Radio Pulsar Timing Arrays Space-based interferometers Terrestrial interferometers




Living Rev Relativ (2017) 20:2
https://doi.org/10.1007/s41114-017-0004-1
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Detection methods for stochastic gravitational-wave
backgrounds: a unified treatment

Joseph D. Romano! - Neil. J. Cornish?

A cosmological background produced by the superposition of a large
number of independent gravitational-wave signals from the early
Universe is expected to be Gaussian (via the central limit theorem), as
well as isotropically-distributed on the sky. Contrast this with the
superposition of gravitational waves produced by unresolved Galactic
white-dwarf binaries radiating in the LISA band (10~ Hz to 1071 Hz).
Although this confusion-limited astrophysical foreground is also expected
to be Gaussian and stationary, it will have an anisotropic distribution,
following the spatial distribution of the Milky Way. The anistropy will be
encoded as amodulation in the LISA output, due to the changing antenna
pattern of the LISA constellation in its yearly orbit around the Sun.



Removing Foregrounds

Measuring the primordial gravitational-wave background
in the presence of astrophysical foregrounds

Sylvia Biscoveanu,!:23:2 Colm Talbot,*2:3 Eric Thrane,>2 and Rory Smith?:3

LLIGO, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2School of Physics and Astronomy, Monash University, VIC 3800, Australia
3 02Grav: The ARC Centre of Ezcellence for Gravitational-Wave Discovery, Clayton, VIC 3800, Australia
1LIGO, California Institute of Technology, Pasadena, CA 91125, USA

Primordial gravitational waves are expected to create a stochastic background encoding informa-
tion about the early Universe that may not be accessible by other means. However, the primordial
background is obscured by an astrophysical foreground, consisting of gravitational waves from com-
pact binaries. We demonstrate a Bayesian method for estimating the primordial background in the
presence of an astrophysical foreground. Since the background and foreground signal parameters
are estimated simultaneously, there is no subtraction step, and therefore we avoid astrophysical
contamination of the primordial measurement, sometimes referred to as “residuals.” Additionally,
since we include the non-Gaussianity of the astrophysical foreground in our model, this method
represents the statistically optimal approach to the simultaneous detection of a multi-component
stochastic background.




Primordial Magnetic Fields and
Gravitational Waves

2

Vzhl’j(x, t) — Whij(x, t) = —l16nG Sij(x, t)

Mon. Not. R. astr. Soc. (1987) 229, 357-370

Generation of gravitational waves by the anisotropic

The space interferometer will be a
unique device to observe the
gravitational radiation from

phases in the early Universe

o Y- peryagin, D. Yu. Grigoriev and ~anisotropic phases possible at the
V. A. Rubakov imstiute for Nuclear Research, USSR Academy of Sciences,
oscon L7312, USSR energy scales 1TeV-100GeV.

M. V Sazhin P. K. Sternberg Astronomical Institute, Universitetskii pr. 13,
Moscow 119899, USSR

Pulsar Timing Array (PTA) are sensible to
gravitational waves generated or present at
QCD energy scales




Gravitational Waves from Turbulence

V5(t)125(t) 62T(t) 2 _ 0P
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2
2 _ =
Y, hl-j(x, t)— Whij(x,t) = —l6nG Sij(x, t) C 1
Aero-acoustic approximation: ]
v' sound waves generation by 10701 LISA
turbulence
v’ gravitational waves generation 1070 e
10716 ¢ \/
10719 }
1072 /\/}01
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Dolgov, Grasso, Nicolis, 2002 Nicolis 2004



Numerical Simulations

To account properly non- H2 167G
linear processes (MHD) ( v h;IJ"T T a3 TE?T,

Not be limited by the
short duration of the Grishchuk 1974  hTT = gpL1Phys

phase transitions |
dtypys = adt

ot2

Two stages turbulence
decay

® Forced turbulence
® Free decay

The source is present till
recombination (after the _ e
field is frozen in) o N

Ocy(k)/k and Oy(k)/%
=)
I
|

Results — strongly initial
conditions dependent

k

Magnetic and GW energy spectr
averaged over late ti :



Why Numerical Modeling |s Necessary

v It is assumed the stationary 0.100
turbulence while in reality = -
= 0.010 E
turbulence decavs S |
£ \~2/3 i :
2 0.001
Emt)=wit (14— !
1
2 ° 0.20F
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_0o10f 1004 1 8 4ero-sl FIG. 1: Evolution of magnetic energy (top) and growth of GW
0.005 F 1 % oozl i€ 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
1 15 2 25 3 35 1 15 2 25 3 85 1 15 2 25 3 a5 drivingis reduced linearly in time over the duration 7 = 0.2
i (green), 0.5 (blue), 1 (red), or 2 (black). Time is in units of
0.02 (d) 0.02 (e) 610 (f) the Hubble time at the moment of source activation.
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FIG. 2: Evolution of (a) Qk, (b) ek, and (c) Qcw for kinetically driven cases with o = 0 (black), 0.5 (blue), and 1 (red), and
of (d) Qwm, (e) em, and (f) Qow for magnetically driven cases with o = 0 (black), 0.3 (blue), and 1 (red).




Polarization Spectra

Assuming stationary Kolmogoroff like
turbulence or stationary helical
Kolmogoroff turbulence

1(\/\r .

Kahniashvili et al, 2005

Polarization spectrum retains
information on parity violation
at large wavelengths

(R (k)hy (k) — RZ (k)h_(K')) _ H(K)
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FIG. 3: Degree of circular polarization for (a) kinetically and
(b) magnetically forced cases with & = 0 (black) 0.1 (blue),
0.3 (green), 0.5 (orange), and 1 (red). Approximate error bars
based on the temporal fluctuations and statistical spread for

. different random seeds of the forcing are shown as solid black

lines for ¢ = 0 and as dotted lines otherwise.



Detection Prospects

Measuring the net circular polarization of the
stochastic gravitational wave background with interferometers

Valerie Domcke ¢, Juan Garcia-Bellido?, Marco Peloso ¢4, Mauro Pieroni %€
? b b b

Angelo Ricciardone ¢, Lorenzo Sorbo f, Gianmassimo Tasinato 9

Abstract

Parity violating interactions in the early Universe can source a stochastic gravitational \/ D | po | ar ani Sot ro py
wave background (SGWB) with a net circular polarization. In this paper, we study possible C t d d b
ways to search for circular polarization of the SGWB with interferometers. Planar detectors Introauce y our
are l:m‘a'ble to measure tl'.le net cir‘cular pola:rizatim.l of an isotropic SGWB. We discuss the p ro pe Fm Ot | o) n, Seto
possibility of using the dipolar anisotropy kinematically induced by the motion of the solar
system with respect to the cosmic reference frame to measure the net circular polarization 2 OO 6 (fo r I_ | S A an d ET)
of the SGWB with planar detectors. We apply this approach to LISA, re-assessing previous
analyses by means of a more detailed computation and using the most recent instrument
specifications, and to the Einstein Telescope (ET), estimating for the first time its sensitivity \/
to circular polarization. We find that both LISA and ET, despite operating at different Cu rvatu re Of the Ea rth
frequencies, could detect net circular polarization with a signal-to-noise ratio of order one in a fo r g roun d b as ed
SGWB with amplitude h?Qqw =~ 10~'1. We also investigate the case of a network of ground
based detectors. We present fully analytical, covariant formulas for the detector overlap deteCtO s Seto &
functions in the presence of circular polarization. Our formulas do not rely on particular
choices of reference frame, and can be applied to interferometers with arbitrary angles among Ta ru y d 2 OO 7 ’ 2 008
their arms.

Domske et al. 2019:

In the present work we reconsider previous results by taking into account
the full response functions and noise curves in the entire frequency ban
r detectors) Moreover, we provide fully analytlcal an

arity-sensitive) response f '




Pulsar Timing Arrays: nanoGrav
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Astrophysical:
v' Super massive black hole binary (SMBI

SMBHB -

(Phinney 2001): y=13/3 "“’;
Cosmological: [} ras|
v' Bubbles collisions (Kosowsky et. Al. 19 =

v Inflation (Vagnozzi 2020)

v' Cosmic strings (Blanco-Pillado et al. [
2020) : 3

v’ Seed magnetic fields and MHD e 2
Turbulence (Neronov et. al. 2020) '

v' Hydrodynamic and MHD Turbulence
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FIG. 2: Frequency spectra, hiQcw (f), for both the QCDPT Runs a-d (left) and the EWPT Runs A-D (right) shown in red,
arange, blue, and black, respectively.
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FIG. 3: Polarization spectra, Pcw (f), for the QCDPT Runs a-d (left) and the EWPT Runs A-D (right) [56] shown in red,
orange, blue, and black, respectively.
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FIG. 5: (a,b) h3Qcw (f) and (c,d) h.(f) at the present time for all four runs presented in Table I, for the (a,c) nonhelical and
(b.d) helical runs. The 20 confidence contour for the 30-frequency power law of the NANOGrav 12.5-year data set is shown in

gray.




Gravitational Waves Missions
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ake Home Comments

®* |mprove the Magnetic Fields Observations in Voids and
Filaments

® Advance Numerical Simulations Technique to Model
Primordial Magnetic Fields and Turbulence

® Determine the mechanisms insuring the presence of
viable magnetic field/turbulent sources in the early
universe and correspondingly correct initial conditions:

*» Primordial magnetogenesis
** Bubble collisions/nucleation — more realistic models
** Sound waves as a source for turbulence

s Axions driven turbulence and axion like particles driven
inflationary new physics

¢ Cihiral sources and gravitational waves polarizati
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