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Describe the research question/s that has been addressed by the project.
Since 2017, we have developed a gravitational wave (GW) module for the Pencil Code to solve for GWs
emanating from early Universe turbulence and magnetic fields. Our recent work had already demonstrated, using
high-resolution 3-D turbulence simulations that GWs at observable levels can be produced. Several important
new questions have then emerged that formed the focus of the present proposal. Specifically, we asked what is
the efficiency of GW production through acoustic turbulence. What is the difference between GW production from
forced and decaying turbulence? How does GW production depend on the energy-carrying length scale of the
turbulence? What are the effects of magnetically and kinetically dominated turbulence on the GWs? How does the
GW production depend on the duration of phase-transition-produced turbulence? Finally, how does GW production
depend on the turbulent intensity and thus the Mach number?

There were several related questions that we also worked on through collaborations at Nordita. These include the
question, can we obtain additional and independent evidence for early Universe-produced magnetic fields through
the measurement of the arrival directions of energetic particles with Fermi LAT. Next, can we detect evidence for
helicity of a primordial magnetic field in the cosmic microwave radiation background. And finally, how safe is the
assumption that the non-detection of GeV cascade photons from the halos of blazars is caused by magnetic
fields.
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Briefly describe the most important research results achieved by the project.
We have performed numerical simulations of gravitational waves (GWs) induced by hydrodynamic and
hydromagnetic turbulent sources that might have been present at cosmological phase transitions and/or during
inflation. At the beginning of the project, we expected that the detailed time dependence of the source it crucial.
We have considered GWs generated from the chiral magnetic effect on the one hand and from inflation on the
other. The speed of generation and the speed characterizing the maximum magnetic field strength turn out to be
crucial. When the generation speed exceeds a certain value, the GW energy continues to increase without a
corresponding increase of magnetic energy.

At and below the peak frequency, the stress spectrum is always found to be that of white noise. This implies a
linear increase of GW energy per logarithmic wavenumber interval, instead of a cubic one, as previously thought.
Both in the helical and nonhelical cases, the GW spectrum is followed by a sharp drop for frequencies above the
respective peak frequency. This is an important new result whose deeper origin is still not well understood. The
fractional circular polarization is found to be nearly hundred per cent in a certain range below the peak frequency
range.

In the middle of the project, a completely unexpected results emerged that allows us to predict the detailed
evolution of non-helical magnetic fields and that provides an understanding of our earlier results. We have
verified these results and extended them to other astrophysical bodies such as neutron stars and also to times
prior to the electroweak phase transitions. Here, our work on the chiral magnetic effect also plays an important
role in relevant situations where the magnetic field is fully helical, but this helicity is canceled by fermion chirality.

Another important finding concerns GW spectrum produced by acoustic waves in the early universe, such as
would be produced by a first order phase transition. We have confirmed with numerical simulations the sound
shell model prediction of a steep rise. We also show that hitherto neglected terms give a shallower part at low
frequencies. For slow phase transitions, the acoustic GW peak appears as a localized enhancement of the
spectrum, with a rise to the peak less steep. The shape of the peak, absent in vortical turbulence, may help to lift
degeneracies in phase transition parameter estimation at future GW observatories.
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Describe in popular science terms the most important research results achieved by the project. If
relevant, please also describe the social benefit and expected impacts on society resulting from the
research results.
Den direkta upptäckten av gravitationsvågor har öppnat ett nytt fönster för observationsastronomi. Förutom
händelser från diskreta källor som sammanslagningar av svarta hål och neutronstjärnor, bidrar turbulens i det
mycket unga universum med ett betydande bidrag till en isotrop gravitationsvåg-bakgrund. Det finns nu allt mer
bevis för en lågfrekvensbakgrund i nano-Hertz-området. Detta projekt gör kvantitativa förutsägelser för denna
bakgrund genom numeriska simuleringar.

Betydelsen av denna gravitationsvåg-bakgrund är att den speglar förhållandena när universum var mindre än en
mikrosekund gammalt. Det var under denna tid som viktiga, men fortfarande dåligt förstådda, fysiska processer
inträffade, såsom materiens dominans över antimateria i universum. Det var också under denna epok som den
svaga och elektromagnetiska kraften separerades och där kvarkar blev bundna till att bilda protoner, neutroner,
etc. Gravitationsvåg-bakgrunden innehåller värdefull information om spektrumet av primordial turbulens och
dess potentiellt icke-symmetriska egenskaper. På sätt och vis liknar det den berömda kosmiska
bakgrundsstrålningen, som främst speglar universums förhållanden när det var 400 000 år gammalt.

Vårt arbete har gett de första fullt tredimensionella numeriska simuleringarna av gravitationsvågor från en
numerisk realisering av turbulens på en dator. Detta gav oss nya insikter som tidigare inte hade förutsetts. Mest
anmärkningsvärt är att vi fann att vid frekvenser under det dominerande toppvärdet är spektrumet flackare än
vad man tidigare förväntat sig baserat på det som förväntas från slumpmässigt brus. Detta nya resultat är nu
redan accepterat inom den vetenskapliga gemenskapen och har lett till viktiga revideringar av vår tidigare
förståelse av gravitationsvåg-bakgrunden.

Under vårt projekt framkom en teoretisk förklaring av ett tidigare resultat som förklarar vår upptäckt att även
statistiskt spegel-symmetrisk turbulens kan leda till en tillväxt av det turbulenta magnetiska fältet och
hastighetsspektrumet vid stora längdskalor. Detta troddes tidigare bara vara möjligt för turbulens som bryter
statistisk spegelsymmetri. Detta ledde till insikten att vi kan använda observationer av magnetfält i universums
tommaste delar som ytterligare sonder av universum under de första mikrosekunderna av dess existens.

The following popular scientific description of the research results may be used for publication.

Please note that the text must be written in Swedish.
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