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BT UNIVERSE

Primordial maghetogenesis

* Inflation (Turner & Widrow [998; Ratra 1992)

» coupling of inflaton field to electromagnetic field

* Phase Transitions

e Hlecovedie (B |~ [00 Gev
s e - 50 MeV
» Types: Ist order (bubble collisions, Hogan 1983), Crossover

Magnetic Helicity

HM=J d’rA-B
1%

» related to parity violating process and beyond-5SM physics

» P and CP violation can be related to processes giving rise to

baryogenesis (Vachaspati 200 |; Long, Sabancilar; Vachaspati
20 )

* leads to polarized GWs

MAGNE [1C FIEEE.

. . . . . : : : : — [’
eV keV MeV GeV TeV  10GeV  10°GeV 10'2GeV 10'° GeV 108 GeV |
< I | | | | | | | Ll | | |
400000y ls 107%s 10725  107¥®s  107%s  107*s  107%s  107%s

CMB BBN Inflation Planck

Inflation

filst order transition

Cambridge CTC



GRAVITATIONAL WAVES

Quanta Magazine

Stress-energy tensor includes Reynolds and Maxwell stresses

1 1
™ = (p+ p)UFU" + pg'* + i <F’”F”(, — Zg””FMFM)
T

SVT decomposition: sources scalar (density), vector (vorticity), and
tensor (gravitational wave) perturbations

- Brandenburg et al. CQG 38, 2021

- effects on CMB (Paoletti et al. MNRAS 2009 & refs within)

Gravitational waves (GW)
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GRAVITATIONAL WAVES

Stress-energy tensor includes Reynolds and Maxwell stresses

1 1
T = (p + p)U*U" + pgh* + y g . g F e
T

SVT decomposition: sources scalar (density), vector (vorticity), and
tensor (gravitational wave) perturbations

- Brandenburg et al. CQG 38, 2021

- effects on CMB (Paoletti et al. MNRAS 2009 & refs within)

Gravitational waves (GW)
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Quanta Magazine

stochastic background of
gravitational waves
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stochastic source
(turbulence)




RUMERICAL SIMULATICORE

PENCIL CODE (https://github/com/pencil-code) used to solve the equations governing turbulent flows and GWs

e comoving variables, conformal time, normalized by values at generation

Hydromagnetic Equations Gravitational Wave Equation
energy
/densny
2 phys __
alnp = (V U _|_ 2 - Vln p) ]- [ . (J > B) _I_ 77J2] (8 tohys + 3H8tphys T Vphys)h — 167TGTJ phys
ot 3 0 e
0, stresses
8_1: — —u- Vu+3(V u—+u-Vinp)+ - V (pv'S) l e
1 " P 3 solve for comoving &, h
2
—ZVlnp—;[ (JxB)—i—nJ]—|—4prB l
0B
— = VXx(uxB-nJ+F), J=VxB % 2
ot f f \ GW < >
velocity forcing term current density QGW 2 d%GW/dlnf

(in units of ¢c) (forcing strength, helicity,
vorticity, wavenumber)

F(z,t) = Re[N f(k) exp(ik - © + ip)]

(@R, () — hE)h_(K'))

Pow(k) =
M = 0, )+ A 0h_0)



https://github/com/pencil-code
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Cosmological QCD transition: quark-

oluon plasma (high temperature) to 1 QCD scales
hadronic phase (lower temperature) .
» Transition temperature 7
about | 50-200 MeV S
£ Dieorees of freedom g(1s) ~ | .

S 1 — ‘ 5
: 1 SNR 1-10 sensitivity bands BBO

1 Il Power law integrated

1 B Peak integrated
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— For small number of domains,
frequency Is In the sensitivity range of
P TAs and astrometric missions




EEOGRAY: DETECTING GVWVB WIHTH AT T

© Tonia Klein

| 2.5yr results
common spectrum process
quadrupolar spatial correlations ?
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PR OMETRY

o Astrometry: measuring the apparent positions
of stars

o GAIA: large surveys of stars, monitor position of
sources in the sky

o Detecting GWs:

o GWs affect the propagation of light causing
the apparent position of objects on the sky
to change with time

o GWs affect the apparent position of a star:
multiple subsequent measurements of the

same star can be used to turn GAIA into a
GW observatory

o GAIA might complement PTAs at high galactic
latitudes as well as high frequencies

GW
SOURCE

Astrometric response to a GW coming from the sky location
marked with the black dot (center). GW causes stars to
oscillate at the GW frequency. The black (red) lines show

movement tracks for a linearly plus (cross) polarised GW.
(Moore et al. 2017)



PRCINE 11O FIELLD BOUNESS

Correlation length of magnetic field &y < A = (a:H:) ™!

Fleld Strength

» BBN constrains N & = Ne(’f’f) + AN, ¢

—r N

Néf? =3.046  additional relativistic
Standard Model components

* Neff = 3.168, ANeff = 0.122 (95% confidence interval upper bound, Fields et al. 2020; CMB + light element abundances)

» Constrains energy density in extra relativistic components
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PG DENSIEY

non helical helical
(p=1 typical) (p =2/3)
m—— 004_(b)_ mapnéticenies e 0
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BN FELICAL VS HELICAL SFECE .

QGVV(ta .f) =

Qaw (to, f) = (

1 dégw |

gcrit(t) dlnf |

oL,

non helical
e, | NANOGraV' —
- Nfl/z ............. (a)
10°8F - d—- —
| 1071k —
S - |
-12 | —
= 10 _ ) L
CS:O 14 | —
< 1 \
10-16 B —
1078 F
_ 3 ~ :
10 9 10 ° ].O 10 6
f [Hz] o
Run ki ki fo p T @ Em E&W hat | B [uG] h2Qcw(f) )
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nohl 2 0.3 1.9 x 101
noh2 6 1 6.0 x 1072
noh3 20 3 2.3 x 1072
60 10 1.0 x 1072

3.53 x 107% 4.83 x 102
5.61 x 107° 7.06 x 10~2
1.11 x107° 1.15 x 1072
2.62 x 107° 1.65 x 10~*

1.0 16 3.83 x 1072
1.0 4.5 3.75 x 1072
1.3 2.0 3.81 x 1072
1.4 0.43 3.93 x 102
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0.78
0.78
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1.09 x 107® 4.83 x 10~
1.73 x 1072 7.07 x 10~ %
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8.10 x 107 1.65 x 10716

helical
e —
10—8 . NP\\\\OG (b)_
| 107"+ —
S ey |
= 107%F 77 -
- O i 4
Cg:O 14
| 1077 —
107" —
107%° ., L o A
R -8 —7 -6
107° 10 10 10
f |Hz]
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‘hel2 6 1 5.6x1072 0.67 20 3.81 x 1072 5.05 x 10™° 4.69 x 1073
‘hel3 20 3 2.0x 1072 0.67 4.0 3.96 x 1072 7.26 x 10°° 6.66 x 10~*
"hel4 60 10 6.5 x 1073 0.67 0.50 3.76 x 1072 8.15 x 10~ 7 7.18 x 107°
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1.50 x 1078 4.33 x 1074
1.56 x 1072 4.69 x 10~ 1°
2.24 x 107'% 6.66 x 10~ '°
2.52 x 10711

718 x 10717



PRCINE 11O FIELLD BOUNESS

Correlation length of magnetic field &y < A = (a:H:) ™!

Fleld Strength

» BBN constrains N & = Ne(’f’f) + AN, ¢

—r N

Néf? =3.046  additional relativistic
Standard Model components

* Neff = 3.168, ANeff = 0.122 (95% confidence interval upper bound, Fields et al. 2020; CMB + light element abundances)

» Constrains energy density in extra relativistic components
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PRCINE 11O FIELLD BOUNESS

Correlation length of magnetic field & < Ays = (a:H:) ™!

Fleld Strength

» BBN constrains N g = Né’f’f) + AN, ¢

——t N

Ngf) =3.046  additional relativistic
Standard Model components

> Neff = 3.168, ANeff = 0.122 (95% confidence interval upper bound, Fields et al. 2020; CMB + light element abundances)

» Constrains energy density In extra relativistic components

4/3
7 ( 4
i . (-) AN, = 0.028
P, 5\ 11
TBBN
-B]rgné‘fi] = 6.2 X 107G and turbulence decay allows BM#* > Beor

TBBN
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GW SPECTRA: QCD SCALE

NANOGrav 30-f
GAIA 5yr
GAIA 20yr

a

b
c
d

85
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65

log,o[f/HZ]
Run  fo v En E&w hims _ Brms [0G]  hiQcw he
a 5x107"2x102140x107°26x 107" 2.7 x 107" 4.7 8.04 x 107° 2.69 x 10713
a2 3x107'2x10%25.08x10"!3.0x1072 9.2 x 102 2.9 9.19 x 1077 9.19 x 10~ 4
b 3x100'5x10°940x10"!54x1072 1.4x 107! 3.9 1.66 x 107°% 1.36 x 10713
¢ 2x107'5x107°426x107194%x107°57x107% 2.6 2.90 x 1077 5.73 x 10~ **
d 1x107'5x107°1.09x10"* 55x10"* 1.4 x 10~ ? 1.3 1.71 x 107® 1.38 x 10~ **

QCD Scale Runs: a-d
(below peak Qaw ~ f 1

NANOGrav |2.5-yr Results
(fit to 30-frequency bins)
[Arzoumanian et al. 2020]

GAIA Sensrtivity Curves
(mission time)
[Moore ef al. 201 /]



B FOLARIZATION SPEC TS

circular polarization degree o // \
energy spectrum g‘ I
e (hE)R,(K) = hEMh_(K)) (k) < o5 5
(hEMR,(K) + h(Kh_(k))  H(K) 5 | ﬁ
ENEroy spectiLim 107" — A IA A1
' ' ' 107° 1077
5 Re-ta 15 |nf0rma_:|0ﬁl abOUt the frequency f,.,. [HZ]
initial fractional helicity of source
(Kahniashvili et al. 202 1) —

a 5x107' 2x 1072
a2 3x107! 2x1072
b 3x107!'5x1073
c 2x107'5x1073
d 1x107*5x1072




B FOLARIZATION SPEC TS

Detection
10°T

+ PIAS: more pU|SaI”S ( > 1()0)’ // \

SNR( > 400) (Belgacem +

<amionkowski 202 1); solar system
broper motion (Seto 2006+2007/;
applied to LISA in Domcke et al ol ,M, ,

?GW phys)

2020) 10° 107

frequency f,.,. [HZ]

» Astrometry: project with Deyan
Mihaylov & Guotong Sun Run  fo v

a 5x 1071 2x 1072
a2 3x107!' 2x 1072
b 3x107!5x10°3

¢c 2x107'5x%x1073
d 1x107t'5x%x1073




L UNCEUSICHS

- Magnetic stress from hydrodynamic and MHD turbulence with scales comparable to the
cosmological horizon scale at the QCD transition can drive GWs in the range accessible to
existing detectors including PTAs and astrometric missions.

« GW spectrum observation could constrain the nature of the underlying turbulence in the early
universe.

- The peak (amplitude and frequency) of the GW energy density is related to the maximum
magnetic energy density and the wave number of the turbulent forcing.

- Below the break frequency, the GW spectrum from QCD scale parameters is shallower in the

non-helical case than helical ( ~f1/2 vs ~ f) and both scalings are shallower than what was
expected based on earlier analytical calculations.

- Above the peak frequency, the GW spectrum has a sharp drop.

- GW polarization degree is determined by the helical properties of the source and could provide
iInformation about magnetogenesis and parity violation at the time of generation.
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SUPPLEMENTARY SLIDES



B FOLARIZATION SPEC TS

circular polarization degree 1o / )
(hEK)h,(K) — h*(K)h_(K) ) - (k) | \

?GW phys)

g;b(ﬁj)::: —
(iR (K) + h*(k)h_(k))  H(k)
|
o (hEM, (K))/2x) = 6Ok — K [ My, HK) + il y, B | 0l .Af / .

ijlm ijlm —
107° 107"

| | | . frequency f,n,. [HZ]
» Retains iInformation about the inrtial

fractional helicity of source (Kahniashwvil
et al. 2021) tunJo__ v

a 5x107' 2x 1072
a2 3x107! 2x1072
b 3x107!'5x1073
c 2x107'5x1073
d 1x107*5x1072




R GINE T HC VS AYDRODYINATHES
TOURBULENCE

- vortical, non helical (‘|mag)

+ 7= (vakp) ! with vy = 1/3&/2 and &y = (B*)/2

e vortical (diversence -free) forainc ( /oft

* Irrotational (curl-free) forcing ("irro’)

¢ 7= (Upeke) ™! With U = 1/28x and &g = (pu®)/2

= M lhreljlenee
S
=
&)
N
* Hydrodynamic turbulence
Type fo v Em E&w hems  |B [uG] hoQcw(f) he

magnetic 1.9 x 107! 5.0 x 107° 3.83 x 102 3.53 x 10~* 4.83 x 102
vortical 38x 1071 1.0x1072 421 x1072 8.81 x 107* 8.26 x 102
irrotational 7.0 x 107! 2.0 x 1072 4.26 x 1072 8.30 x 10™* 7.95 x 102

0.78 1.09 x 1078 4.83 x 10~ 4
0.82 2.73x107% 827 x 10~
0.83 257 x1072 7.96 x 10~

2



PAION MAGNETOGENETS

.........................................................

Miniati et al 2018 Ja
V-E=p+ R372B-Va,
) Consider a smooth QCD crossover
V:-B =0,
) pressure gradients result from different charge density, energy density, and equation of state of the quark and lepton components 1 OE
) thermoelectric fields arise at pressure gradients G 9a 3R
S : . i : ; . 3/2 E X Va—RB 3____a
) magnetic field may be generated by interaction of thermoelectric field with a pseudo-scalar axion field R t 2R
. . L L . : 0B
) Axion coupling to the electromagnetic field (via Primakoff mechanism) VXE= _RE’
) Lagrangian term: &, . = — gayE -Ba  where 2 is the axion-photon coupling (depends on the specific axion model considered), a is the axion field A
) LS 0 comoving eootdifiates considering thistermy: 2 2 T 2 T2 2 Nt NN RN et R0t vp
) thermoelectric field arises at pressure gradients in the primordial plasma due to a slight asymmetry in the charge, energy density, and EoS of the quark and leptonic components k= 77pJ ¢ en

) Take O initial magnetic field: Ohm’s law (where M, is the coming plasma resistivity , P = 77t2g*R4T4/720 the comoving pressure with g* the relativistic degrees of freedom and

n = 3((3)g*R>T° /47’ the coming density, € accounts for the strength of the field only being a fraction of the usual baroclinic term )

) Ampere’s Law (again with O initial magnetic field) yields: J ~ _}gg;yz (E x Va)
VP

P Substitute result for current into Ohm’s law to find: g AAH+HAXHAH 4 o g, g YT
1+ A2 PR3/2 "™ en

) If the axion field gradient and the thermoelectric field are not exactly aligned, an electric current is driven in the primordial plasma through their interaction.
) Magnetic seed field generated in this process
) Pressure gradient that gives rise to the thermoelectric fields will generally drive large scale plasma motion

) initiates turbulent cascade which can lead to significant amplification of the initial seed by turbulent dynamo action

L)



ey DETEC IO

e PTAs in nHz range: . - | | | |
‘ _ QCD scales
* NANOGrav: 1 nHz - 1uHz
» SKA (Square Kilometer Array) NANOGray
107° - -
e EPTA :
o Ground-based interferometers: o
S 10-10 - -
o alLIGO: 10 Hz - 1000 Hz -
-
» ET (proposed)
DECIGO
o (Future) Space-based Interferometers: 10715 - .
e [ISA: 0.1 mHz -1 Hz 1 SNR 1-10 sensitivity bands BBO
1 I Power law integrated
e DECIGO: 0.1 Hz - 10 Hz - | M Peak integrated
10—10 | 101—8 | 101—6 | 10'—4 | 10'—2 | 160 | 162 | 104
e Astrometry: GAIA + THEIA: nHz range Frequency (Hz)
(between PTA and LISA) Garcia-Bellido, Murayama, White (2021)

iy
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non helical
(p~1 typical)
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magnetic energy density
2
Em ~ (B?)

peak value &

turbulent decay

En(t) ~ 7P

energy density carried by GWs
1.2
EGw ~ <h >
saturates at &gy
Sal max 7
Eow = (&) 1k)
withg=1.1



e GINE IO FIELD EVOLU TS

* Inrtial Condrtions of Magnetic Field _
-6
« Generated at time #. j
» Strength B. BBN upper limit %‘ =0 _
= ]
» Maximum correlation length &,,« < Ay« (Hubble horizon) 8 Tl
e
* Scaling Exponents: p, g Q
\-é -12
® (cDonia ol [he properties of the turbulence %D
* determined/verified by numerical simulations (Brandenburg & 4
Kahniashvili 2017)
= l)g -16
* Fractional helicity: ratio of the magnetic helicity to its maximal value
Y 5 / logy(&m / Mpc)
min Y
e,/ (17) = cm (M) . m(1) <1
Sm(m) 26 (m) & () p q, T
| fully helical (8=0) | 2/3 | 2/3
* Bvolution nonhelical (8=1) | 1 1/2
q . nonhelical (8=2) | 6/5 | 2/5
£y = ch*(i) D B*<l> nonhelical (f=4) 10/7 | 2/7
N B

s



e GINE T IC FIELD EVOLUTICES

* Inrtial Condrtions of Magnetic Field _
-6
- Generated at time 7 :
» Strength B-—BBN-upperiimit %\ -8 :
= .
» Maximum correlation length &,,« < Ay« (Hubble horizon) 8 .
e
* Scaling Exponents: p, g Q
\-é -12
® (cDonia ol [he properties of the turbulence %D
- determined/verified by numerical simulations (Brandenburg & _14
Kahniashvili 2017)
o= g 16
* Fractional helicity: ratio of the magnetic helicity to its maximal value
min Y
e2,(17) = YD _ m(1) ‘
su(1) 26 & y(n) p q, T
| fully helical (8=0) | 2/3 | 2/3
* Evolution nonhelical (f=1) |1 1/2
> 0 nonhelical (8=2) | 6/5 | 2/5
£ 5M*<;7i> Do B*(;yl> nonhelical (8=4) 10/7 | 2/7




« New bounds: apply BBN bound at BBN
IgpN

+ Field strength decays B ~ t /2

» Correlation length grows &, ~ 14

§ i correlation length &, < A
(Hubble horizon)

s Onsidertpto 6 at QCD
£ ldjectories end at recombination (0.25 eV)
2= g
» [, p,q depend on on turbulence properties

» fractional helicity:

() . 7,

€ — — <
MU =) 2 )
p g, ne
fully helical (8=0) | 2/3 | 2/3
nonhelical (=1 1 1/2
nonhelical (5=2) | 6/5 | 2/5
nonhelical (f=4) | 10/7 | 2/7

TURBULEN | EVOLU FIOIN V.
UPDAI ED BBIN BOUISHESS

i, - —
[ { 4: N ﬁ:O
QCD (6—1 domains)
| | - — =103
-4} iL J: — B=1
- I — h=2
| __ B=4
_GI-IIIIIIIIIl A ] [ lII|l|lIl|llIIlIlll|lIl|lBi:éllglxlNlTlé;lzl)l(llllol:Tlcl}l|lIlll|IIIIIIIIIIIIII?IIIIIIIIIII- ‘
S Bl K i R e
Q| R i e
& -10f 7
_1ok i —~ ‘‘‘‘‘‘ o 777
oy
-16
7 -6 -5 -4 -3 ~2 1 0
logo( £a / Mpc)




ENIERG YT DENSITY

 EVW scale: Runs A-

» forcing and viscosity

decrease A—D

£ L) scale: Runs a-d

Run fo v

a 5x 107 2x 1072
a2 3x107! 2x 1072
b 3x107'5x1073
c 2x107!5x1073
d 1x107!'5x1073
A 7x107% 5x107°
A’ 7Tx107° 5x107°
A2 7Tx10731x1074
Ol 5x107° 5x107°
O’ 5x107° 5x 107°
02 5x107%1x10*
B 2x10%2x10°°
C2 1x10°2x10°°
C 1x107%2x10°°
D 6x10*2x10""

2

Eaw(t)

magnetic energy density
2
Em ~ (B?)

peak value &

turbulent decay

En(t) ~ 7P

energy density carried by GWs

Eow ~ (h*)

sat
saturates at %GW

o = (@& k)
withg=1.1

28



