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Connection with High Energy Particle Physics
— the best laboratory to test the energy
scales EVEN near the Planck scale

* The very early universe (inflation)
* Topological defects/strings

* Cosmological phase transitions
Bubble nucleation /collisions
Sound waves

Hydro turbulence

MHD turbulence
Garcia Bellido et al. 2020
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| EARLY UNIVERSE — GRAVITATIONAL WAVES
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Figure 1. Summary of the main ian and optimal-statistic analyses p d in this paper, which establish multiple lines of evidence for the presence of
Hellings-Downs correlations in the l5 yr NANOva data set. Thmughoul we refer to the 68.3%, 95.4%, and 99.7% regions of distributions as 1o/20/30 regions,
even in two di i (a) " analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings—-Downs-correlated

stochastic process at frequencies i/7, with 7 the total data set time span. The blue represents the posterior median and 1o/20 posterior bands for a power-law model;
the dashed black line corresponds to a v = 13/3 (SMBHB-like) power law, plotted with the median posterior amplitude. See Section 3 for more details. (b) Posterior
probability distribution of GWB amplitude and spectral exponent in an HD power-law model showing 1o/20/. 30 credible regions. The value ygws = 13/3 (dashed
black line) is included in the 99% credible region. The amplitude is referenced 10 fror = 1 yr (bluc) and 0.1 yr (omngc) The dashed blue and orange curves in the
Ing,uAuwn suhpanel show its marginal posterior density fora y = 13/3 model, with Jret=1yr" Pand frr=0.1yr ', respectively. See Section 3 for more details. (c)
T d from 2211 distinct pamngs in our 67 pulsar array using the frequentist optimal statistic, assuming
pulsar nolse and y=13/3 ess de from a B analysis. The bin widths are chosen so that each
includes appmxnmalcly the same number of pulsar pairs, and central bm locations avoid zeros of the Hellings-Downs curve. This binned reconstruction accounts for
correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black line shows the Hellings-Downs correlation pattern, and the binned
points are normalized by the amplitude of the 7 = 13 /3 common process to be on the same scale. Note that we do not employ bmmng of mlerpulsar correlations i in our
detection statistics; this panel serves as a visual consistency check only. See Section 4 for more frequentist results. (d) B of
interpulsar correlauons. modeled as a cubic spline within a variable-exponent power-law model. The violins plot the marginal pml:nur densities (plus median and
68% credible values) of the correlations at the knots. The knot positions are fixed and are chosen on the basis of features of the Hellings-Downs curve (also shown as a
dashed black line for reference): they include the i and mini angular separati the two 2 ings of the Hellings—Downs curve, and the position
of minimum correlation. See Section 3 for more details.
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QCD PHASE TRANSITIONS — GRAVITATIONAL WAVES

Pulsar Timing Arrays (PTAs) are 1078 e

—— Envelope
1077 = Semi-analytic
=== Numerical

sensible to gravitational waves

108

generated or present at QCD :
< 1070
energy scales g

10710 e

T
Y
\

Sazhin, 1978, Detweiler 1979 i b

107"

PHYSICAL REVIEW D VOLUME 49, NUMBER 6 15 MARCH 1994 13 n ( | |
10— 111 RNt IR
. -11 —10 -9 -8 -7
Gravitational radiation from first-order phase transitions 10 10 10 10 10 |
Marc Kamionkowski* f (HZ)

School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540
Arthur Kosowsky! and Michael S. Turner? i
NASA /Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500 N ANQ =F Py
and Departments of Physics and of Astronomy and Astrophysics, g g
Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637-1433 o
(Received 26 October 1993) o
Fr4

We consider the stochastic background of gravity waves produced by first-order cosmological
phase transitions from two types of sources: colliding bubbles and hydrodynamic turbulence. First
we discuss the fluid mechanics of relativistic spherical combustion. We then numerically collide many
bubbles expanding at a velocity v and calculate the resulting spectrum of gravitational radiation
in the linearized gravity approximation. Our results are expressed as simple functions of the mean
bubble separation, the bubble expansion velocity, the latent heat, and the efficiency of converting
latent heat to kinetic energy of the bubble walls. A first-order phase transition is also likely to excite
a Kolmogoroff spectrum of turbulence. We estimate the gravity waves produced by such a spectrum
of turbulence and find that the characteristic amplitude of the gravity waves produced is comparable
to that from bubble collisions. Finally, we apply these results to the electroweak transition. Using
the one-loop effective potential for the minimal electroweak model, the characteristic amplitude
of the gravity waves produced is h ~ 1.5 x 10?7 at a characteristic frequency of 4.1 x 1073 Hz
corresponding to 2 ~ 10~%? in gravity waves, far too small for detection. Gravity waves from more
strongly first-order phase transitions, including the electroweak transition in nonminimal models,
have better prospects for detection, though probably not by LIGO.
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Searching for Gravitational Waves from Cosmological Phase Transitions with the
NANOGrav 12.5-Year Dataset 1
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_  GRAVITATIONAL WAVES — ANISOTROPIC STRESS

2

Vzhij(x, t) — Whij(x, t) = —l1énG Sij(x, t)

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

Generation of gravitational waves by the anisotropic
phases in the early Universe

D. V. Deryagin, D. Yu. Grigoriev and
V. A. Rubakov msiue for Nuclear Research, USSR Academy of Sciences,
Moscow 117312, USSR

M. V. Sazhin r. «. Sternberg Astronomical Institute, Universitetskii pr. 13,
Moscow 119899, USSR
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\/ WHY PRIMORDIAL MAGNETIC FIELDS?
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* cosmic seed magnetic fields

— astrophysical seeds

— cosmological seeds

* observations

: E. Fermi “On the origin of the
— Fermi data — blazars spectra  cosmic radiation” PRD, 75, 1169
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The Fermi LAT 1FGL Source Catalog
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RECENT BLAZARS SPECTRA OBSERVATIONS:

CMB (JS 19)
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E. Vovk, et al. “Constraint on intergalactic magnetic field from Fermi/LAT
observations of the "pair echo” of GRB 221009A”
Astron.Astrophys. 683 A25 (2024)

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. BJO4 is from
Banerjee & Jedamzik (2004), HS22 is from Hosking & Schekochihin (2022).

Aharonian, F,, et al. (Fermi-LAT, H. E. S. S), “Constraints on the intergalactic magnetic field using Fermi-LAT and
H.E.S.S. blazar observations”. Astrophys. J. Lett. 950, L16 (2023)
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i GRAVITATIONAL WAVES FROM
J PRIMORDIAL TURBULENCE (AND/OR) MAGNETIC FIELDS

Nt Gogoberidze, et al 2007
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- PROBING MAGNETOGENESIS SCENARIOS

PROPAGATE ALMOST FREELY AND -> helical turbulence
RETAIN THE INFORMATION ABOUT S U(iyit‘i’f')yr‘“m'“
THE SOURCE AND PHYSICAL M
PROCESSES o MHD (magnetic
dominant) Magnetic helicity
« FREQUENCY DETERMINES THE
SOURCE CHARACTERISTIC Hy(1) = f d*xA -V XA,

LENGTH (TIME) SCALE

* AMPLITUDES — THE SOURCE
EFFICIENCY AND ENERGETICS.

v’ If the parity in the
early universe is
violated — relic
gravitational waves
are polarized.

few = 2/ls No =




~ WHY NUMERICAL MODELING NEEDED?
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FIG. 2: Magnetic and GW energy spectra for run ini2 aver-
aged over late times (¢ > 1.1), after the GW spectrum have
started to fluctuate around a steady state, with Qx5 = 0.12
and Q55 ~ 2 x 1077,
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WHY NUMERICAL MODELING NEEDED? »)

~ VIT IS ASSUMED THE STATIONARY
TURBULENCE WHILE IN REALITY
TURBULENCE DECAYS

-

Em(t) =&E (L+At/T)F

v THREE STAGES OF GENERATION
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FIG. 1: Evolution of magnetic energy (top) and growth of GW

| energy density (bottom) for simulations where the driving is
turned off at t = 1.1 (black dotted line), or the strength of the
driving is reduced linearly in time over the duration T = 0.2
(green), 0.5 (blue), 1 (red), or 2 (black). Time is in units of
the Hubble time at the moment of source activation.

FIG. 2: Evolution of (a) Qk, (b) ek, and (c) {law for kinetically driven cases with o = 0 (black), 0.5 (blue), and 1 (red), and
of (d) m, (e) em, and (f) 2gw for magnetically driven cases with ¢ = 0 (black), 0.3 (blue), and 1 (red).
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/" PRIMORDIAL MAGNETIC FIELDS LIMITS FROM BBN

D> EXTRA RADIATION LIKE ENERGY DENSITY LESS
THAN ~3% OF THE RADIATION ENERGY

DENSITY AT BBN

QCD (6—1 domains) — B=0
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Figure 9: BBN bounds on the QCD phase transition generated initial field strength marked
by horizontal dashed lines. For the non-helical cases, the initial energy density bound is
more constraining than the BBN bound. Courtesy: Emma Clarke
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RAVITATIONAL WAVES FROM PRIMORDIAL TURBULENCE
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CONCLUSIONS AND TAKE HOME COMMENTS

PTA OFFERS AN UNIQUE POSSIBILITY TO RECONSTRUCT THE INITIAL CONDITIONS AROUND QCD SCALE

DETERMINE GRAVITATIONAL SIGNAL PROPERTIES THAT WILL ALLOW SEPARATION OF ASTROPHYSICAL AND
COSMOLOGICAL BACKGROUNDS (ANISOTROPY, POLARIZATION, SPECTRAL SHAPE, NON-GAUSSIANITY...)

IMPROVE THE MAGNETIC FIELDS OBSERVATIONS IN VOIDS AND FILAMENTS (TESTING MAGNOGENESIS MODELS)

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

ADVANCE OUR UNDERSTANDING

% PRIMORDIAL MAGNETOGENESIS

¢ BUBBLE COLLISIONS /NUCLEATION — MORE REALISTIC MODELS

% SOUND WAVES AS A SOURCE FOR TURBULENCE

»* AXIONS DRIVEN TURBULENCE AND AXION LIKE PARTICLES DRIVEN INFLATIONARY NEW PHYSICS
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3 GRAVITATIONAL WAVES POLARIZATION o/
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PARITY VIOLATION AT LARGE £ 07 |
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Ellis et al. 2020
vV ASSUMING STATIONARY

- 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.
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FIG. 2: Frequency spectra, hiflcw(f), for both the QCDPT |
orange, blue, and black, respectively.

10°F

FIG. 6: Evolution of (a) &m(t) and (b) £aw(t) for Runs A-D of Table I. Note the rapid decay for Run A with the largest

viscosity.

107" 107"
frequency fi.., [Hz]

FIG. 3: Polarization spectra, Pow (f), for the QCDPT Run:
orange, blue, and black, respectively.



