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Probing the early Universe with GWs

Cosmological (pre-recombination) GW background
® Why background? Individual sources are not resoluble, superposition of
single events occurring in the whole Universe.
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® Phase transitions
® Ground-based detectors (LVK, ET, CE) frequencies are 10-1000 Hz
Peccei-Quinn, B-L, left-right symmetries ~107,10% GeV.
® Space-based detectors (LISA) frequencies are 107°~1072 Hz
Electroweak phase transition ~ 100 GeV

® Pulsar Timing Array (PTA) frequencies are 10~°~10~" Hz
Quark confinement (QCD) phase transition ~ 100 MeV

® From inflation

® B-modes of CMB anisotropies (f. ~ 1078 Hz).
® Can cover all f spectrum, depending on end-of-reheating T, and
blue-tilted (beyond slow-roll inflation).



Cosmological GWs

Cosmological GWSs have the potential to provide us with direct
information on early universe physics that is not accessible via
electromagnetic observations, possibly complementary to collider
experiments:

nature of first-order phase transitions (baryogenesis, BSM physics,
high-energy physics),
primordial origin of intergalactic magnetic fields.



First—order phase transition
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GW sources in the early universe

® Magnetohydrodynamic (MHD) sources of GWs:
® Sound waves generated from first-order phase transitions.
® (M)HD turbulence from first-order phase transitions.

® Primordial magnetic fields.

® High-conductivity of the early universe leads to a
high-coupling between magnetic and velocity fields.

® Other sources of GWs include

Bubble collisions.
Cosmic strings.
Primordial black holes.
Inflation.

ARP et al., 2307.10744, 2308.12943
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Primordial magnetic fields

® Magnetic fields can either be produced at or present during
cosmological phase transitions.

® Present magnetic fields can be amplified by primordial turbulence
via dynamo.!

® The magnetic fields are strongly coupled to the primordial plasma
and inevitably lead to MHD turbulence.? They usually reach
equipartition Qg ~ Q.

® We parameterize with e¢,; the amount of energy density on
turbulence as a fraction of the energy density on sound waves after
a first-order phase transition
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Generation of primordial magnetic fields

® Bubble collisions and velocity fields induced by first-order phase
transitions can amplify seed magnetic fields.

® Parity-violating processes during the EWPT are predicted by SM
extensions that account for baryogenesis and can produce helical
magnetic fields through sphaleron decay or B+L anomalies.3
2sind,,
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® Axion fields can amplify and produce magnetic field helicity.*
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Generation of primordial magnetic fields

® |nhomogeneities in the Higgs field in low-scale electroweak hybrid
inflation.?

® Magnetic fields from inflation can be present during phase
transitions (non-helical® and helical”).

® Low-scale (QCD and EWPT) magnetogenesis during reheating.®

e Chiral magnetic effect.’
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Conservation laws for MHD turbulence

T, =0, FM., =—J' F™ =0

In the limit of subrelativistic bulk flow:

7~ 14 (v/e) + O(v/e)*

Relativistic MHD equations are reduced to*°
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oB
E:Vx(uxBfnJ), J=VxB,
for a flat expanding universe with comoving and normalized

p = a*Pphys, p = a*ppnys, B = a°Bi ..., ui, and conformal time t (dt = adt.).
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Numerical results for nonhelical decaying MHD turbulence!!
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Analytical model for GWs from decaying turbulence

® Assumption: magnetic or velocity field evolution §t. ~ 1/(u.k,) is
slow compared to the GW dynamics (dtgw ~ 1/k) at all k 2 u. k..

® We can derive an analytical expression for nonhelical fields of the
envelope of the oscillations'? of Qaw (k).

E\® .5 C(a) k
In?[1 + H.0tge]  if kbta, < 1,
In?[1 + (k/H.)~Y if k6tgn > 1.

® pp is the anisotropic stress spectrum and depends on spectral
shape, can be approximated for a von Karman spectrum as'3

k 2.15
L+ <2.2k*> }
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Primordial magnetic fields®

® Primordial magnetic fields would
evolve through the history of the
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® Maximum amplitude of primordial
magnetic fields is constrained by the 10-16

big bang nucleosynthesis.® /
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cosmic rays (UHECR).
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log10 RMS (s)
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EPTA 24.7 yr data observation (DR 2)!*
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Primordial magnetic fields constraints with EPTA DR 215
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Conclusions

Velocity and magnetic fields in the early universe can significantly contribute to
the stochastic GW background (SGWB) via sound waves and (M)HD
turbulence.

MHD requires, in general, performing high-resolution numerical simulations,
which can be done using the PENCIL CODE.

Since the SGWB is a superposition of different sources, it is extremely
important to characterize the different sources, to be able to extract clean
information from the early universe physics.

The interplay between sound waves and the development of turbulence is not
well understood. It plays an important role on the relative amplitude of both
sources of GWs.

LISA, PTA, and next-generation ground-based detectors can potentially be used
to probe the origin of magnetic fields in the largest scales of our Universe, which
is still an open question in cosmology.

Bubble nuccleation, sound wave production, and magnetogenesis physics can be
coupled to our equations for more realistic production analysis (future work).



RN The End
Thank You!
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